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ABSTRACT
This dissertation focuses on the kinematic evolution of two major categories of
contractional tectonics: collisional orogenic belts and toe structures of passive margins,
which are characterized by fold-thrust belts that are hundreds of kilometer-scale and tens
of kilometer-scale, respectively.
The Himalayan orogen is an excellent example of collisional orogenic belts along
convergent plate boundaries. It is commonly structurally defined as three stacked units
separated by two fault systems: the Main Central thrust (MCT) and South Tibet
detachment (STD). The development and emplacement of the middle unit, the Himalayan
crystalline core, has long been debated within the extrusion framework, a process that
involves exhumation of the crystalline core to the surface. Recently, the debate has
expanded to two end-member regimes: extrusion versus underplating. To determine how
the crystalline core evolved, an integrated investigation was conducted, involving
structural mapping, microstructural, quartz c-axis fabric, and geochronological analyses
across the northern margins of two frontal klippen in the Nepal Himalaya: the
Dadeldhura klippe and Kathmandu Nappe. The work suggests that the STD occurs and
merges with the MCT in these two klippen. The merging of the MCT and STD requires
that the crystalline core was emplaced at depth via tectonic wedging kinematics,
incompatible with extrusion models. By synthesizing the Himalayan evolution history
from the development and emplacement of the crystalline core to ongoing deformation, a
reconstruction shows that Himalayan mountain-building processes are dominated by
underplating.

viii

The Perdido fold-thrust belt is a gravity-driven toe structure in the passive margin
of the Gulf of Mexico. Structural models for the Perdido fold-thrust belt are highly
dependent upon the interpretation of seismic images, which commonly display wipe-out
zones associated with faults. Fault interpretations in seismic wipe-out zones are
commonly non-unique. Trishear, a quantitative fault-propagation folding model, was
applied to an anticlinal structure in the Perdido fold-thrust belt and reproduced the fold
geometry. Three dimensional kinematic evolution was reconstructed by interpolating the
best-fit models of the serial cross sections. The trishear modeling indicates that the
Perdido fold-thrust belt underwent ~7.5-12.5 km shortening, which could balance the
landward extension of the passive margin during the same period.
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CHAPTER 1
INTRODUCTION
1.1 Contractional Tectonics
Contractional tectonics is characterized by numerous thrusts and folds that lead to
the shortening and thickening of the crustal lithosphere (e.g., Boyer and Elliott, 1982;
Suppe, 1983; McClay, 1992). Contractional fold-thrust belts occur in a variety of tectonic
settings, which have been categorized by different criteria (e.g., Coward and Butler, 1985;
Butler, 1986; Price, 1986; Echavarria et al., 2003; van der Pluijm and Marshak, 2003;
Hatcher, 2004; McClay, 2004; McQuarrie, 2004; Bilotti and Shaw, 2005). van der Pluijm
and Marshak (2003) summarized that fold-thrust belts are developed in six tectonic
settings: (1) forelands of Andean-type convergent margins, (2) oceanic accretionary
prisms, (3) collisional orogenic belts, (4) inverted rift basins, (5) toe structures of passive
margins, and (6) restraining bends on strike-slip faults. Aside from the minor appearances
of restraining bends associated with strike-slip faults, those tectonic settings can be
broadly divided into two categories, that is, one (collisional or accretionary wedges) is
associated with active plate boundaries and the other (toe structures of passive margins)
is associated with passive continental margins. Both collisional/accretionary wedges and
toe structures of passive margins are widespread on Earth. The former includes, for
example, the Alps, Himalaya, Zagros, and Taiwan (e.g., Angelier et al., 1986; Schmid et
al., 1996; DeCelles et al., 2001; McQuarrie, 2004); the latter is characteristics of
deepwater passive margins, such as the Gulf of Mexico, Niger Delta, offshore Angola,
offshore Brazil, and offshore Borneo (e.g., Cobbold et al., 1995; Maudui et al., 1997;
Trudgill et al., 1999; Ingram et al., 2004; Corredor et al., 2005).
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These two categories of contractional tectonics are associated with distinctive
driving mechanisms (e.g., Rowan et al., 2004). The collisional or accretionary fold-thrust
belts in active plate boundaries results from compressional forces by the motion of
convergent plates, whereas the toe structures of passive margins is due to distal
shortening caused by gravity gliding and gravity spreading of proximal sedimentary
wedges (e.g., Rowan et al., 2004).
Contractional tectonics has also been categorized as thin-skinned and thickskinned thrust belts in terms of deformation styles. The thin-skinned thrust belts refer to
the deformation that only involves the sedimentary cover, and that they are commonly
associated with basal decollement layers with weak materials, such as shale or salt; the
thick-skinned thrust belts refer to the deformation that involves the basement (e.g.,
Coward, 1983). The thin-skinned deformation commonly occurs in the foreland of
collisional orogens, whereas the thick-skinned deformation is more concentrated in the
hinterland of collisional orogens (e.g., Erslev, 1986; Price, 1986). Toe fold-thrust belts in
passive margins are characterized by thin-skinned deformation, commonly decoupled
with basements by weak decollement layers (e.g., Peel et al., 1995; Rowan et al., 2004;
Bilotti and Shaw, 2005).
1.2 Models of Contractional Tectonics
1.2.1 Models of Fold-thrust Belts
Contractional tectonics has some common characteristics in terms of the geometry
of fold-thrust belts, regardless of collisional/accretionary fold-thrust belts along active
plate boundaries or toe structures in passive margins (e.g., Chapple, 1978). Chapple
(1978) summarized that (1) a basal decollement separates the undeformed footwall from

2

the fold-thrust belt and (2) a wedge shape with tapering toward the foreland characterizes
most fold-thrust belts. The wedge shape led to propose a critical taper model (e.g., Davis
et al., 1983; Dahlen, 1990), which has been further explored by physical and numerical
modeling (e.g., Liu et al., 1992; Costa and Vendeville, 2002; Stockmal et al., 2007). The
critical taper model provides mechanical explanations as to how fold-thrust belts grow
and why they can keep a critical taper shape (Davis et al., 1983; Dahlen, 1984, 1990;
Dahlen et al., 1984).
In addition to the critical taper model, many models have been proposed to
explain the evolution of contractional tectonics: both collisional/accretionary zones and
toe structures in passive margins. In-sequence thrusting and out-of-sequence thrusting
models depict how thrusts propagate kinematically in fold-thrust belts. In-sequence
thrusting models predict that thrusts in fold-thrust belts propagate from the hinterland
toward the foreland with time, while out-of-sequence models depict propagation of
thrusts from the foreland toward the hinterland (e.g., Boyer and Elliott, 1982; Butler,
1987; Morley, 1988).
Underplating and frontal accretion are two end-member models of in-sequence
thrusting. Material is transported from underthrusting plates to overlying plates at depth
for underplating models or in the frontal margins of collisional/accretionary wedges for
frontal accretion models. Underplating and frontal accretion models play important roles
in explaining the growth of collisional/accretionary wedges along convergent plate
boundaries (e.g., Sample and Fisher, 1986; Schelling and Arita, 1991; Avouac, 2007).
Tectonic wedging models present a triangle zone bounded by a basal thrust and a
roof backthrust in the frontal portion of fold-thrust belts; the basal thrust and backthrust
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merge at depth on the leading edge of forelandward moving materials (e.g., Price, 1986;
Webb et al., 2007). Tectonic wedging models explain that backthrusts are common
structures in fold-thrust belts.
Wedge extrusion models and channel flow models have been originally proposed
for the Himalayan orogen. They illustrate the exhumation of the middle- or lower-crustal
rocks by a normal fault above and a thrust fault below (e.g., Burchfiel and Royden, 1985;
Chemenda et al., 1995; Grujic et al., 1996; Nelson et al., 1996; Beaumont et al., 2001).
Gravity gliding and gravity spreading are commonly served as the mechanics of
contractional structures in the toe area of passive margins (e.g., Cobbold and Szatmari,
1991; Peel et al, 1995; Rowan et al., 2004). The failure of the proximal sediments due to
gravitational potential leads to the combination of sediments gliding and spreading along
a basal decollement in a seaward direction in passive margins (e.g., Rowan et al., 2004).
The proximal extension can be partially accommodated by the shortening of distal foldthrust belts in passive margin systems (e.g., Peel et al., 1995; Rowan et al., 2004).
1.2.2 Models of Fault-related Folding
In fold-thrust belts, faults and folds are intrinsically connected. We not only need
to study the tectonic evolution of fold-thrust belts in orogen-scale, but also need to
understand how individual fault-related folds are formed within fold-thrust belts.
Basic geometrical and kinematic models of fault-related folding include faultbend folding (Suppe, 1983; Suppe et al., 2004), fault-propagation folding (Suppe and
Medwedeff, 1990; Mitra, 1990; Narr and Suppe, 1994), and detachment folding (Jamison,
1987; Dahlstrom, 1990; Poblet and McClay, 1996; Mitra, 2002). All of these models are
built on the basis of kink-band kinematics with an assumption of constant layer thickness,
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such that flexural slip and parallel folding are inherently incorporated into the kink-bandstyle models (e.g., Suppe, 1983; Suppe and Medwedeff, 1990). Some combination of
these end-member models has been proposed to explain hybrid structures (e.g., Marrett
and Bentham, 1997; Mitra, 2003; Wallace and Homza, 2004; McClay, 2004, 2011).
However, those kink-band models cannot explain the variation of layer thickness
caused by faulting and folding. Trishear models have been proposed to explain many
fault-related folding structures that kink-band models do not (Erslev, 1991). Trishear is
an alternative kinematic model of fault-propagation folding, which produces
heterogeneous strain in the folds above the fault tip (Erslev, 1991; Allmendinger, 1998).
1.3 Two Case Studies of Contractional Tectonics
This study focuses on two projects regarding contractional tectonics. The general
goal for both projects is to test models for the fold-thrust belts, and then to gain a deeper
understanding of the evolution of contractional tectonics. The first project is focused on
the development and emplacement of the Himalayan crystalline core. This project is a
field-based investigation including structural mapping, microstructural analyses, and
geochronological studies of two field areas: the Dadaldhura klippe in the western Nepal
Himalaya (Chapter 2) and the Kathmandu Nappe in the central Nepal Himalaya (Chapter
3). The second project is primarily using trishear modeling to reconstruct the evolution of
the Perdido fold-thrust belt in the Gulf of Mexico (Chapter 4). These two projects have
different focus. The former is to test orogen-scale tectonic models of a collisional
orogenic belt, while the latter is to apply and test a model of fault-related folding (trishear)
to a toe structure of passive margins. Subsequently, a brief introduction of the
backgrounds, objectives, and major discoveries of the two projects is presented.
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1.3.1 Collisional Orogenic Belt – The Himalayan Orogen
The Himalayan Mountains consist of material scrapped off of the underthrusting
Indian plate and thrust back to the south (Argand, 1924). It is commonly described as a
three layer-two fault stack. The goal of this project is to investigate how the middle layer
(i.e., the crystalline core) emplaced between the two faults. The existing models for the
emplacement of the crystalline core include wedge extrusion/critical taper, channel flow
coupled with focused denudation, and tectonic wedging (e.g, Burchfiel and Royden, 1985;
Grujic et al., 1996; Beaumont et al., 2001; Robinson et al., 2006; Yin, 2006; Webb et al.,
2007). Except for tectonic wedging, the models treat the upper bounding fault, the South
Tibet detachment, of the crystalline core as a normal fault, whereas the tectonic wedging
model considers the South Tibet Detachment as a backthrust. In addition, the tectonic
wedging model predicts that the two faults merge at the leading edge of the crystalline
core. To test these models, two regions, the Kathmandu Nappe and Dadeldhura klippe, in
the frontal portion of the Himalayan orogen were investigated.
1.3.2 Toe Structure of Passive Margins – The Perdido Fold-thrust Belt
The Perdido fold-thrust belt is a subsurface contractional system located in the
deepwater northwestern Gulf of Mexico. It represents the basinward limit of a linked
passive margin system of proximal (landward) extension and distal (basinward)
contraction above a salt decollement layer (e.g., Peel et al., 1995). The contraction in the
Perdido fold-thrust belt accommodates partial extension of the landward extension in the
form of gravity gliding and gravity spreading (e.g., Rowan et al., 2004). The Perdido
fold-thrust belt is composed of a series of northeast-southwest-trending folds bounded by
reverse faults (Trudgill et al., 1999). Folding in the Perdido thrust-fold belt has been
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explained by three models: duplex-cored fault-bend folding (Mount et al., 1990), saltcored detachment folding bounded by reverse faults (Trudgill et al., 1999), and unfaulted
kink-style detachment folding (Camerlo and Benson, 2006). The goal of this study is to
simulate an anticlinal structure of the Perdido fold-thrust belt by trishear model with
curved faults to evaluate the proposed models.
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CHAPTER 2
THE DEVELOPMENT OF THE HIMALAYAN CRYSTALLINE CORE:
INSIGHTS FROM THE DADELDHURA KLIPPE, WESTERN NEPAL
2.1 Introduction
The emplacement of the Himalayan crystalline core has been debated since the
first discovery of a key structure – the South Tibet detachment (Burg et al., 1984).
Crystalline core emplacement models must explain the basic three layer-two fault
geometry of the Himalaya: the Greater Himalayan Crystalline complex (i.e., the
crystalline core) is separated from the Lesser Himalayan Sequence below and the
Tethyan Himalayan Sequence above by the Main Central thrust (MCT) and South Tibet
detachment (STD), respectively (Figure 2.1; e.g., Yin, 2006). The STD in most known
occurrences is expressed as a top-to-the-north, north-dipping fault. Thus, the STD has
been interpreted as a normal fault, thereby leading to dominance of extrusion models (e.g.,
Burg et al., 1984; Burchfiel and Royden, 1985; Nelson et al., 1996; Beaumont et al., 2001;
Hodges et al., 2001; Vannay and Grasemann, 2001; Robinson et al., 2006; Kohn, 2008;
Long and McQuarrie, 2010). Wedge extrusion models show that a north-dipping,
northward-tapering wedge bounded by a normal fault above (i.e., the STD) and a thrust
fault below (i.e., the MCT) extrudes southwards (Figure 2.2; e.g., Burchfiel and Royden,
1985; Burchfiel et al., 1992; Grujic et al., 1996; Hodges et al., 1996; Grasemann et al.,
1999; Vannay and Grasemann, 2001). Critical taper models share similar STD kinematics
with wedge extrusion models (Robinson et al., 2006; Kohn, 2008), except that they
correspond to distinctive driving mechanisms (cf., Webb et al., 2011b). In channel flowfocused denudation models, the emplacement of the Greater Himalayan Crystalline
complex is divided into two stages: an earlier phase of southward tunneling of a partially
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Figure 2.1 Simplified tectonic map of the Himalayan orogen, based on Lombardo et al. (1993), Goscombe and Hand (2000), Murphy
et al. (2009), Webb et al. (2011a, and references therein).
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Figure 2.2 Himalayan tectonic models for development and emplacement of the Greater
Himalayan Crystalline complex modified from Webb et al. (2011a), units as in Figure 2.1.
LHS – Lesser Himalayan Sequence; GHC – Greater Himalayan Crystalline complex;
THS – Tethyan Himalayan Sequence; MCT – Main Central thrust; STD – South Tibet
detachment; GCT – Great Counter thrust; ITS – Indus-Tsangpo suture.

molten channel during the Eocene to Oligocene succeeded by Miocene exhumation of the
channel between two active faults (the MCT and STD) driven by erosion across a narrow
zone where precipitation is focused by the topographic front (Figure 2.2; e.g., Nelson et
al., 1996; Beaumont et al., 2001, 2004; Hodges et al., 2001; Godin et al., 2006).
Extrusion processes only play a role in the second stage of channel flow-focused
denudation models (cf., Godin et al., 2006).
However, recent work casts doubt on extrusion models for the evolution of the
Greater Himalayan Crystalline complex. Yin (2006) realized that some observations,
such as the position of the Tethyan Himalayan Sequence directly atop the Lesser
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Himalayan Sequence along the Panjal thrust/MCT (Thakur and Rawat, 1992; Thakur,
1998) and apparent convergence of the MCT and STD in southern Bhutan (Grujic et al.,
2002), were incompatible with the normal fault interpretation for the STD. Yin therefore
proposed that the STD was a backthrust off of the MCT and that the Greater Himalayan
Crystalline complex was emplaced at depth. Webb et al. (2007, 2011a, 2011b) confirmed
a MCT-STD branch line geometry in the western Himalaya, obtained preliminary
evidence for it in the central Himalaya, and promoted a corresponding tectonic wedging
model (Figure 2.2). Recently in Bhutan, Kellett and Grujic (2012) and Corrie et al. (2012)
have advanced models under names “channel flow” and “critical taper” that nonetheless
show the basic geometry and kinematics of tectonic wedging. It is noteworthy that the
STD is also a backthrust during the earlier tunneling stage in channel flow-focused
denudation models. However the channel tunneling is different from tectonic wedging
kinematics in that (1) channel tunneling does not necessarily have fault between the
Tethyan Himalayan Sequence and Lesser Himalayan Sequence ahead of the leading edge
of the Greater Himalayan Crystalline complex, (2) tectonic wedging occurred during the
Miocene whereas channel tunneling was restricted to the Eocene-Oligocene (Beaumont et
al., 2001, 2004; Jamieson et al., 2004; Godin et al., 2006), and (3) the mechanics of
tunneling and wedging can be the same, but do not need to be the same. That is, the latter
could be driven by orogen-perpendicular contraction or gravitational forcing, whereas the
former can only be driven by gravitational forcing (Beaumont et al., 2001, 2004).
The posited MCT-STD branch line would be incompatible with extrusion
processes, because the leading edge of the crystalline core bounded by the MCT-STD
branch line would be emplaced at depth. Therefore to test Himalayan crystalline core

11

emplacement models, the possible MCT-STD branch line sites and the leading edge of
the crystalline core across the central Himalaya was investigated.
2.2 Geological Background
2.2.1 The Himalayan Orogen
The three major units of the Himalayan orogen, i.e., the Lesser Himalayan
Sequence, the Greater Himalayan Crystalline complex, and the Tethyan Himalayan
Sequence, have been variably defined in terms of structural positions, metamorphic
grades, and stratigraphic ages (e.g., Upreti, 1999; Hodges, 2000; Yin, 2006; Searle et al.,
2008). Based largely on the comparison of their detrital zircon age distribution, the three
units are interpreted as the same continuous stratigraphic section deposited on the
northern margin of the Indian plate, which has been duplicated by the MCT and STD
during Cenozoic deformation (e.g., Myrow et al., 2003, 2009; Yin et al., 2010; McKenzie
et al., 2011; Webb et al., 2011b, 2013; McQuarrie et al., 2013). Consequently, these three
units are commonly considered by fault-based definition: the Greater Himalayan
Crystalline complex is bounded by the MCT below and the STD above; the Lesser
Himalayan Sequence is the MCT footwall, and the Tethyan Himalayan Sequence
occupies the STD hanging wall (Figure 2.1 and 2.3; e.g., Yin, 2006; Searle et al., 2008).
The Lesser Himalayan Sequence is largely composed of early Proterozoic to
Cambrian low-grade metasedimentary rocks and overlying Permian to Cretaceous
Gondwana strata (e.g., Gansser, 1964; Le Fort, 1975; DeCelles et al., 2001).
The Greater Himalayan Crystalline complex consists of a variety of high-grade
kyanite- and sillimanite-bearing gneisses, schists, and migmatites, intruded by Tertiary
leucogranites (e.g., Le Fort, 1975, 1996; Parrish and Hodges, 1996; Searle et al., 1997;
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Figure 2.3 Simplified geological map of the central Himalaya, units as in Figure 2.1 except as specified. The area of Figure 2.4 is
outlined. This map is based on the integration of following work: Gurla Mandhata-Lower Dolpo region in west Nepal modified from
Murphy and Copeland (2005), Carosi et al. (2007, 2010); Dhaulagiri-Annapurna-Manaslu region modified from Hodges et al. (1996),
Vannay and Hodges (1996), Searle and Godin (2003), Martin et al. (2005); Shishapangma-Everest-Ama Drime region modified from
Searle et al. (1997, 2003, 2008), Cottle et al. (2007), Kali et al. (2010); Dadaldhura klippe region modified from Hayashi et al. (1984),
Upreti (1999), DeCelles et al. (2001), Gehrels et al. (2006b), Robinson et al. (2006), Célérier et al. (2009), and my mapping;
Kathmandu region modified from Stocklin and Bhattarai (1982), Rai et al. (1998), Johnson et al. (2001), Gehrels et al. (2006a), Webb
et al., (2011a), and my mapping; eastern Nepal and its easterly region modified from Lombardo et al. (1993), Goscombe and Hand
(2000), Grujic et al. (2011), Kellett and Grujic (2012); North Himalaya gneiss domes region modified from Lee et al. (2004), King et
al. (2011), Larson et al. (2011a), Quigley et al. (2006), Wagner et al. (2010), Zhang et al. (2012); Indus-Yalu suture zone modified
from Murphy et al. (2009), Webb et al. (2011a). TSZ – Toijem shear zone (Carosi et al., 2010); BT – Bhanuwa thrust, ST – Sinuwa
thrust (Corrie and Kohn, 2011); LT1, LT2, LT3 – Langtang thrust 1, 2, 3 (Reddy et al., 1993); HHT – High Himal thrust (Goscombe
et al., 2006). The bold line bars with numbers mark the transects along which the thickness of the Greater Himalayan Crystalline
complex is measured.
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DeCelles et al., 2000). In the central Nepal Himalaya, the Greater Himalayan Crystalline
complex is traditionally divided into three formations (Le Fort, 1975), however some
detailed investigations suggest that it may consists of only two sections: paragneisses in
the lower level and calc-silicates with thin interlayers of granitic gneisses in the upper
level (Hodges et al., 1996; Vannay and Hodges, 1996; Searle and Godin, 2003; Carosi et
al., 2010; Corrie and Kohn, 2011). The apparent thickness of the Greater Himalayan
Crystalline complex varies from tens of kilometers in eastern Nepal to only a few
kilometers in western Nepal (Figure 2.3).
The Tethyan Himalayan Sequence mainly comprises basal Late ProterozoicCambrian psammitic and pelitic schists and phyllites and overlying Ordovician to
Mesozoic strata (e.g., Garzanti, 1999; Godin et al., 2001; Godin, 2003). The Late
Proterozoic-Cambrian metasedimentary rocks, commonly intruded by Paleozoic granites
(e.g., Miller et al., 2001; Vannay et al., 2004; Webb et al., 2011b), are correlative to the
Everest Series (or North Col Formation) in eastern Nepal, the Haimanta Group in
northwestern India, and the Chekha Group in Bhutan (e.g., Lombardo et al., 1993; Godin
et al., 2001; Grujic et al., 2002; Searle et al., 2003; Chambers et al., 2009; Myrow et al.,
2009; Webb et al., 2011a). The Ordovician-Mesozoic strata comprise low-grade
metamorphosed and/or unmetamorphosed carbonate and siliciclastic rocks (Godin, 2003;
Crouzet et al., 2007).
The Main Central thrust (MCT), a top-to-the-south shear zone, commonly
juxtaposes the Greater Himalayan Crystalline complex over the Lesser Himalayan
Sequence (Figure 2.4; e.g., Heim and Gansser, 1939; Le Fort, 1975; Arita, 1983);
however, the MCT appears to place Tethyan Himalayan Sequence directly atop the
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Lesser Himalayan Sequence in the western Himalaya (e.g., Thakur, 1998; Yin, 2006;
Webb et al., 2007, 2011b). The location and extent of the MCT are debated due to
various criteria by which it is defined (e.g., Parrish and Hodges, 1996; Harrison et al.,
1997; Robinson et al., 2001; Martin et al., 2005; Searle et al., 2008). Some workers

Figure 2.4 Generic section across the three units and two faults. The section shows an
inverted thermal gradient across the Main Central thrust and a right-way-up thermal
gradient across the South Tibet detachment in middle column, and uniform top-to-thesouth shear sense from the Lesser Himalayan Sequence to upper portion of the Greater
Himalayan Crystalline complex and a mix of top-to-the-north and top-to-the-south shear
senses across the South Tibet detachment in right column.
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define the MCT as comprising two strands, i.e., the MCT-I or Munsiari thrust at the
lower level and the MCT-II or Vaikrita thrust at the upper level (e.g., Arita, 1983; Godin
et al., 2006; Yin, 2006). The MCT-II, roughly coincident with the kyanite isograd in
central Nepal Himalaya, was active during the Early to Middle Miocene (e.g., Arita, 1983;
Hubbard and Harrison, 1989; Hodges et al., 1992, 1996), whereas the MCT-I is a
younger thrust which has been active since the Late Miocene (e.g., Harrison et al., 1997,
1998; Catlos et al., 2001; Godin et al., 2006). In contrast, the MCT is defined by some as
the base of a thick top-to-the-south shear zone, separating all pervasively deformed rocks
imprinted by Tertiary metamorphism above from unmetamorphosed sedimentary rocks
below (e.g., Searle et al., 2003, 2008; Larson and Godin, 2009; Larson et al., 2010b).
Here the definition follows Webb et al. (2011b), that is, MCT is a several-kilometer-thick,
strain-concentrated, top-to-the-south shear zone that was only active during the Early to
Middle Miocene. Thus, the MCT II is the equivalent to the MCT used in this study. The
MCT is a continuous, folded structure extending ~100 km across the range from the
topographic front in the north to the frontal klippen in the south (Fig. 3; e.g., Stöcklin,
1980; Valdiya, 1980; DiPietro and Pogue, 2004; Yin, 2006). Palinspastic restoration
suggests that the minimum displacements along the MCT are 140-210 km in eastern
Nepal (Schelling and Arita, 1991; Schelling, 1992) and 130-300 km or 110-220 km in
western Nepal (DeCelles et al., 2001; Robinson et al., 2006).
The South Tibet detachment (STD) is a dominantly top-to-the-north shear zone
that is hundreds of meters to perhaps a few kilometers thick (Figure 2.4; e.g., Burg et al.,
1984; Burchfiel et al., 1992; Lombardo et al., 1993; Hodges et al., 1996; Godin et al.,
2001). Along parts of the central Himalaya, the STD consists of two strands: a
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structurally lower ductile shear zone and a higher brittle fault or system of faults (Figure
2.3; e.g., Hodges et al., 1996; Carosi et al., 1998; Murphy and Harrison, 1999; Searle and
Godin, 2003; Searle et al., 2003; Godin et al., 2006). The ductile strand of the STD was
active during the Early to Middle Miocene, which was coeval with motion of the MCT
(e.g., Hodges, et al., 1992, 1996; Godin et al., 2001, 2006; Kellett et al., 2009; Leloup et
al., 2010), whereas the brittle strand of STD occurred post-date the lower ductile strand
(e.g., Kellett and Grujic, 2012). The STD is inferred as a flat-over-flat fault along a
lithologic contact by Yin (2006), based on no footwall and hanging wall cutoffs and
approximately constant juxtaposition of Late Protorozoic to Ordovician strata
immediately above the STD ~35 km in eastern Nepal and >100 km in Bhutan in its
transport direction (Burchfiel et al., 1992; Grujic et al., 2002). Recently, Yin et al. (2010)
argue that the STD even cuts upsection to the north across Bhutan and southeastern Tibet
as younger strata were carried on the STD hanging wall northwards. Some work suggests
that the STD represents a reactivation fault of a basal decollement associated with the
Eocene Tethyan Himalayan fold-and-thrust belt (Vannay and Hodges, 1996; Wiesmayr
and Grasemann, 2002). Although the slip of the STD was estimated to ~35 km, or even
up to 190 km in light of the distances between the southernmost and northernmost
exposures of the STD (e.g., Burchfiel et al., 1992; Cottle et al., 2007; Kellett and Grujic,
2012; Cooper et al., 2012; Antolin et al., 2013), in the apparent absence of piercing lines
it is almost impossible to make accurate estimates of the slip on the STD if it is layerparallel (Yin, 2006).
An inverted metamorphic field gradient characterizes the rocks across the MCT
from the upper Lesser Himalayan Sequence to the middle Greater Himalayan Crystalline
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complex, while the upper Greater Himalayan Crystalline complex and the whole Tethyan
Himalayan Sequence rocks feature a right-way-up metamorphic field gradient (Figure 2.4;
e.g., Le Fort, 1975; Hodges et al., 1996; Vannay and Hodges, 1996; Harrison et al., 1999;
Yin, 2006). The peak temperatures increase from ~550-600 °C in the LHS immediately
below the MCT to ~700-850 °C in the GHC with a lack of metamorphic grade break
across the MCT in most of regions (e.g., Pêcher, 1989; Vannay et al., 1999; Kohn et al.,
2001; Daniel et al., 2003; Searle et al., 2003; Jamieson et al., 2004; Spenser et al., 2012).
The base of the MCT zone is generally characterized by peak metamorphic temperature
of ~600 °C (e.g., Hubbard, 1989; Vannay and Hodges, 1996; Catlos et al., 2001; Kohn et
al., 2001). Similarly, the cold-over-hot thermal pattern across the STD also exhibits a
gradual transition. Peak metamorphic temperatures decrease smoothly from ~750-650 °C
to ~450-250 °C across a km-scale section from the STD footwall, through the STD shear
zone, into the STD hanging wall (e.g., Crouzet et al., 2007; Jessup et al., 2008; Kellett et
al., 2010; Cottle et al., 2011; Law et al., 2011). The basal STD zone not only displays
~650 °C peak metamorphic temperature along the main trace (e.g., Hodges et al., 1992;
Coleman, 1998; Searle et al., 2003; Jessup et al., 2008; Chambers et al., 2009; Kellett et
al., 2009; Leloup et al., 2010; Cottle et al., 2011; Law et al., 2011), but also records
roughly constant temperature on multiple STD exposures extending up to 200 km in its
transport direction from the North Himalayan gneiss domes in the north to the STD
klippen in the south (e.g., Jessup et al., 2008; Wagner et al., 2010; Kellett et al., 2010;
Larson et al., 2010a).
The MCT-STD branch line has been predicted to occur all along the Himalayan
orogen (Figure 9 of Webb et al., 2011a). Some portions of the branch line have been
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reported to be buried at depth, such as the Zanskar Window in the western part of the NW
Indian Himalaya, the Kulu Window in the central NW Indian Himalaya, and the
Kathmandu region in the central Nepal Himalaya (Fig. 2.1; Yin, 2006; Webb et al., 2007,
2011a, 2011b). The preliminary study by Webb et al. (2011a) in the Kathmandu region
proposed that the STD may be present in the southern Himalaya and separates the reinterpreted Tethyan Himalayan Sequence to the south from the Greater Himalayan
Crystalline complex to the north. Recently, the STD was also reported to exist in the
western Dadeldhura klippe (Antolin et al., 2013). If this argument is correct, it allows a
predicted trace of the STD to be determined in additional parts of the southern Himalaya
(Figure 2.1 and 2.3). The STD may occur within the little explored northeastern portion
of the Dadeldhura klippe due to a slice of high-grade rocks separating the MCT from the
rest of klippe rocks (following the metamorphic mapping of Hayashi et al., 1984), along
the entire north margin of the Kathmandu Nappe (inferred from Webb et al., 2011a),
across the eastern Nepal Himalaya (re-interpreted from Lombardo et al., 1993 and
Goscombe and Hand, 2000), and perhaps across southern Sikkim and southwestern
Bhutan. The lateral pinch-out of the high-grade crystalline rocks constrained between
those speculated traces of the STD and the MCT would require the MCT-STD branch
line locally preserved in these additional regions (Figure 2.1). The possible easternmost
preservation of the MCT-STD branch line may occur or just be eroded away in southern
Bhutan where the MCT could be linked with a STD klippe (re-interpreted from Long and
McQuarrie, 2010, and Long et al., 2011; cf., Yin et al., 2010; also see Webb et al., 2011a
for discussion). Therefore, in this study the Dadeldhura klippe (this Chapter) and the
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Kathmandu Nappe (Chapter 3) provide insights to examine the concept of the MCT-STD
branch line.
2.2.2 Geology of the Dadeldhura Klippe
The southern Nepal Himalaya is characterized by a number of klippen in centralwestern Nepal and a large MCT thrust sheet with multiple tectonic windows in eastern
Nepal (Figure 2.3). These frontal MCT klippen are referred to as the Lesser Himalayan
Crystalline Nappes (e.g., Upreti, 1999; Upreti and Le Fort, 1999).
The Dadeldhura klippe was transported to the south along the MCT, locally
termed the Dadeldhura thrust (e.g., Stöcklin, 1980; Robinson et al., 2006). The MCT
hanging wall in this klippe largely consists of the Bhimphedi Group and Phulchauki
Group (Stöcklin, 1980; Gehrels et al., 2006b). The Bhimphedi Group is composed of
Late Proterozoic medium- to high-grade metasedimentary rocks intruded by CambroOrdovician granites (e.g., DeCelles et al., 1998). This unit is unconformably overlain by
the Phulchauki Group in both west and east of the Dadeldhura klippe. The Phulchauki
Group consists of Ordovician-Devonian low-grade and unmetamorphosed sedimentary
rocks. A depositional contact separates these two units (Hayashi et al., 1984; DeCelles et
al., 2001; Robinson et al., 2006). Recent study by Antolin et al. (2013) reported that the
contact in west of the klippe is interpreted as the STD. The Phulchauki Group is
commonly correlated to the Tethyan Himalayan Sequence rocks of the same ages
(Stöcklin, 1980; Gehrels et al., 2006b), and the Bhimphedi Group is considered as the
southern continuation of the Greater Himalayan Crystalline complex (Uppreti, 1999;
Upreti and Le Fort, 1999). The Dadeldhura klippe is characterized by right-way-up
thermal gradients across the underlying MCT, which is distinctive from the inverted
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thermal gradients across the major trace of the MCT to the north (e.g., DeCelles et al.,
2001).
A 40Ar/39Ar muscovite cooling age of ~21 Ma was reported for the northern part
of the Dadeldhura klippe (DeCelles et al., 2001). Recently, Antolin et al. (2013)
documented 40K/39Ar and 40Ar/39Ar muscovite ages of ~17-23 Ma in the western portion
of the Dadeldhura klippe. These Early to Middle Miocene cooling ages indicate that the
Dadeldhura klippe might have been emplaced to its current position by the Middle
Miocene.
2.3 Methods
2.3.1 Field Mapping
Field mapping was conducted along the Tila River transect across the
northeastern margin of the Dadeldhura klippe. The transect extends ~20 km southwest
from northeast of Jumla village along the Tila River. Lithologies and deformation
structures were observed in the field.
2.3.2 Microstructural Analysis
Dynamic recrystallization characteristics of mineral grains can reflect the
deformation conditions, such as temperature, that rocks experienced (e.g., Hirth and
Tullis, 1992; Stipp et al., 2002a, 2002b). Quartz and feldspar microstructures throughout
the Tila River transect to establish the thermal profile along the transect.
Deformation microstructures in quartz are generally classified into three regimes
(Hirth and Tullis, 1992): bulging (BLG), subgrain rotation (SGR), and grain boundary
migration (GBM) recrystallization. The correlation between these recrystallization
regimes and temperatures has been investigated by Stipp et al. (2002a, 2002b) who
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suggest that BLG dominates between at 300-400 °C, SGR dominates between 400500 °C, and GBM recrystallization (GBM I at 500-~600 °C and GBM II at ~600-700 °C)
dominates at higher temperatures. Deformation microstructures in feldspar grains can
also be used to constrain deformation temperatures. For instance, K-feldspar core-mantle
structures and myrmekite growth on the margins of feldspar porphyroclasts are indicative
of deformation temperatures over 600 °C (Passchier and Trouw, 2005).
2.3.3 Quartz C-axis Fabric Analysis
Quartz c-axis fabric analysis was conducted using a Russell-Head Instruments
G50 automated fabric analyzer housed at University of Saskatchewan. Fabric analysis
from similar or identical such machines is indistinguishable from that determined through
electron back-scattered diffraction (e.g., Wilson et al., 2007; Peternell et al., 2010). All
thin sections analyzed were cut perpendicular to foliation and parallel to mineral
stretching lineation. Quartz c-axis orientation data are plotted in equal area lowerhemisphere stereographic projection. Contour and scatter plots were generated using
STEREONET 7.2.4 developed by R.W. Allmendinger. The projection plane is
perpendicular to foliation and parallel to lineation such that the lineation lies horizontal
along in the E-W direction and the foliation plane lies vertical along the same direction.
All quartz c-axis fabric plots are viewed towards the east such that, for example, a
sinistral asymmetric pattern with respect to foliation indicates a top-to-the-north sense of
shear.
Assuming a consistent critical resolved shear stress and lack of hydrolytic
weakening effects, the opening angles of quartz c-axis cross girdle fabrics can be used to
estimate deformation temperatures (Tullis et al., 1973; Lister and Hobbs, 1980; Kruhl,
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1998; Law et al., 2004). They have been empirically shown to have an approximately
linear relationship with the temperatures at which deformation occurs between ~300 to
700 °C (Kruhl, 1998; Law et al., 2004). Deformation temperatures derived through quartz
LPOs are subject to an uncertainty of ±50 °C (Kruhl, 1998).
2.3.4 U-Pb Zircon Geochronology
Two leucogranite samples from Tila shear zone in the Dadeldhura klippe were
analyzed. Sixty spot data from 33 zircon grains were acquired using the CAMECA ims
1270 ion microprobe at the University of California-Los Angeles (UCLA). The detailed
analytical procedure is described by Schmitt et al. (2003). The analyses were undertaken
using an 8-15 nA O- primary beam with an ~15 μm diameter spot size, which generated a
crater with ~1 μm depth. U-Pb ratios were determined using a calibration curve based on
UO/U versus Pb/U from zircon standard AS3 with age of 1099.1 Ma (Paces and Miller,
1993), and adjusted using common Pb for the Late Cenozoic (Stacey and Kramers, 1975).
Concentrations of U were calculated by comparison with zircon standard 91500 with a U
concentration of 81.2 ppm (Wiedenbeck et al., 2004). Data reduction was accomplished
by the in-house program ZIPS 3.0 developed by Chris Coath.
2.4 Results
In order to test the hypothesis that the STD and the MCT-STD branch line occur
in the northern Dadeldhura klippe, field mapping, kinematic analysis, and geochronology
along the Tila River transect was conducted (Figure 2.5).
2.4.1 Structural Geology
The Tila River transect in the northeastern Dadeldhura klippe extends (from N to
S) across the MCT footwall (quartzite and phyllite), the MCT shear zone (garnet mica
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schist and kyanite-bearing gneiss), a slice of high-grade metamorphic rocks (including
kyanite-bearing paragneiss, calc-silicate, and migmatite), a top-to-the-north shear zone
(calc-silicate and garnet-biotite gneiss with granitic gneiss interlayers), and the
Bhimphedi Group (biotite schist and quartzite).

Figure 2.5 (A) Geological map of the Northeastern Dadeldhura klippe with lower
hemisphere equal area projection of structural data, modified from Hayashi et al. (1984)
and my mapping. (B) Sketch cross section of line A-A’. The location of the cross section
is shown in (A).
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The MCT footwall is largely composed of quartzite, chloritic phyllite/schist, and
metabasite. Foliation defined by muscovite and quartz gently dips to the southwest and
northeast (Figure 2.5).
The MCT in the Dadeldhura klippe is a ~1200 m thick shear zone. Rocks in the
lower part of the MCT shear zone are garnet-mica schist with quartzite interlayers. The
upper part of the MCT shear zone consists of paragneiss and mylonitic calc-silicate.
Structural fabrics in this part include mica defined foliation, S-C fabrics, and sigma-type
porphyroclasts in garnet mica schist, tight folds in quartzite interlayers, and folds and
gneissic banding in paragneiss. Foliation of these rocks generally dips to the southwest.
The lithologies of the upper MCT section match the descriptions of the Greater
Himalayan Crystalline complex (e.g., Le Fort, 1975; Hodges et al., 1996; Searle and
Godin, 2003). Outcrop-scale top-to-the-south sigma-type porphyroclasts are observed in
garnet mica schists (see A in Figure 2.6), while kyanite-bearing paragneisses present
south-vergent folds (see B in Figure 2.6). Deformed leucosome segregates in the
paragneisses also exhibit south-vergent folds. Rotated garnets are pronounced in garnet
mica schists (see C in Figure 2.6). All micro-scale and meso-scale structures indicate a
consistent top-to-the-south sense of shear. The metamorphic grades increase up-section
from the garnet-in isograd to kyanite-in isograd across the MCT zone (Figure 2.5). In
addition, garnet mica schists also crop out ~5 km northeast of Jumla (Figure 2.5); these
rocks are different from surrounding quartzite and chloritic schist of the MCT footwall.
Mica fish in these rocks record a top-to-the-south sense of shear (see D in Figure 2.6).
These rocks are interpreted as a small klippe of the MCT zone, which was also mapped
by Carosi et al. (2007).
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Figure 2.6 Photo(micro)graphs of deformation fabrics along the Tila River transect in
the northeastern Dadeldhura klippe. Locations are marked in Figure 2.5. (A) Photograph
of a sigma-type porphyroclast in mica schist showing top-to-the-south shearing. (B)
Photograph of a SW-vergent fold in paragneiss. Hammer for scale. (C) Sample DH12-0310 5B: photomicrograph of a rotated garnet porphyroblast in garnet two mica schist
showing top-to-the-S shearing. Quartz inclusions within garnet show curvature of internal
foliation caused by clockwise rotation of the porphyroblast. (D) Sample DH12-02-10 6:
photomicrograph of mica fish in garnet two mica schist showing top-to-the-southeast
shearing. Thin sections cut perpendicular to foliation and parallel to lineation. Locations
of photographs (A)-(D) are in the MCT shear zone. (E-F) Photographs of sigma-type
porphyroclasts showing top-to-the-south shearing. (G) Photograph of a sigma-type
porphyroclast showing top-to-the-north shearing. (H) Photograph of a rotated
porphyroclast showing top-to-the-northwest shearing. Quartz recrystallized in the strain
shadow of the porphyroclast. (I) Photograph of a sigma-type porphyroclast showing topto-the-north shearing. (J) Photograph and line diagram of a cross-cutting leucogranite
vein offset by top-to-the-northwest shear band. Dashed ellipse indicates dated
leucogranite sample DH12-05-10 4. (K) Photograph and line diagram of a leucogranite
body crosscutting the foliation of host rocks. Dashed ellipses indicate dated leucogranite
sample DH12-05-10 11B. Locations of photographs (E)-(K) are in the Tila shear zone.
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Figure 2.6 Continued.
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In the immediate MCT hanging wall, a ~1300m thick section consists of kyanitebearing paragneiss and calc-silicate intruded by tourmaline-bearing leucogranite,
consistent with the mapping of Hayashi et al. (1984). Structural fabrics of these rocks are
dominated by foliation and gneissic banding, which dip steeply to the southwest or
northeast (Figure 2.5).
The overlying section consists of calc-silicates, garnet biotite gneisses and augen
gneisses interlayers. Rocks of this section generally exhibit distinctively north-dipping
foliation (Figure 2.5). These rocks were strongly deformed with multiple kinematic
indicators. This section is referred to as the Tila shear zone. Sigma-type porphyroclasts
and rotated porphyroclasts are widely developed across the shear zone (see E-I in Figure
2.6). A leucogranitic vein crosscuts the gneissic foliation of host rocks, but it is also
deformed by shear bands, which are congruent to the gneissic foliation of host rocks (see
J in Figure 2.6). Most structures in the Tila shear zone indicate a top-to-the-north sense of
shear (see G-J in Figure 2.6) with a few exceptions showing top-to-the-south shearing
(see E-F in Figure 2.6). The north-dipping Tila shear zone is in contrast to the rest of
rocks on the north limb of the Dadeldhura synform (Figure 2.5).
Rocks south of the Tila shear zone contain calc-silicate, biotite schists, quartzite,
and quartz arenite with leucogranitic intrusion. The kyanite-in isograd is defined by first
appearance of kyanite and it is immediately to the south of the Tila shear zone (Figure
2.5). Deformed quartzites exhibit meter-scale upright folds. Rocks immediately south of
the Tila shear zone are characterized by foliation defined by biotite and quartz, whereas
primary bedding is preserved in higher level rocks. In the center of the klippe, there are
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large exposures of undeformed to weakly deformed granites, which are CambrianOrdovician in age (DeCelles et al., 1998).
2.4.1.1 Interpretation
The rocks in the MCT footwall are widely interpreted as the Lesser Himalayan
Sequence (e.g., DeCelles et al., 2001; Robinson et al., 2006). The lithologies and
metamorphic grades of the rocks in the MCT shear zone and between the MCT and Tila
shear zones correspond to the lower to middle levels of the Greater Himalayan
Crystalline complex mapped across the neighboring Annapurna region, while the rocks of
the Tila shear zone are similar to the upper level of the Greater Himalayan Crystalline
complex (e.g., Le Fort, 1975; Hodges et al., 1996; Vannay and Hodges, 1996; Searle and
Godin, 2003). The rocks to the south of the Tila shear zone are consistent with the
descriptions of the Bhimphedi Group (e.g., Stöcklin, 1980; Gehrels et al., 2006a, 2006b;
Webb et al., 2011a). Therefore, I interpret that the top-to-the-north Tila shear zone, like
the Galchi shear zone in the northern Kathmandu Nappe, juxtaposes the Bhimphedi
Group rocks to the south and the Greater Himalayan Crystalline complex to the north.
The distinctive north-dipping Tila shear zone is interpreted as resulting from
detachment folding, that is, the Tila shear zone and its immediately underlying rocks
were folded along the MCT decollement, such that the Tila shear zone and part of the
underlying rocks were overturned.
2.4.2 Deformation Conditions Constrained by Microstructures
Samples DH12-02-10 3 and DH12-03-10 3 are quartzites from the MCT footwall
(i.e., the Lesser Himalayan Sequence) (Figure 2.5). They contain recrystallized finegrained equigranular quartz with a shape-preferred orientation that defines the foliation
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(see A in Figure 2.7). Quartz in these two samples is developed predominantly by
subgrain rotation recrystallization (see B in Figure 2.7), indicating deformation
temperatures of 400-500 °C.
Samples DH12-03-10 5C, DH12-03-10 6A, DH12-03-10 8B, and DH12-04-10 3
are quartzites from the MCT shear zone (Figure 2.5). Quartzite of DH12-03-10 5C is
composed of fine-grain recrystallized quartz with irregular, yet planar grain boundaries.
Quartz in this sample displays pinning structures (see C in Figure 2.7). Two stages of the
geometric relationship of mica inclusions and quartz can be seen: an initial stage of a
mica inclusion completely enclosed in a quartz grain and later stage of pinning structures
caused by quartz grain boundary migration (Jessell, 1987). Pinning structures are
consistent with GBM I recrystallization at 500-600 °C, while the straight grain
boundaries indicate some static recrystallization and grain boundary area reduction.
Quartz in DH12-03-10 6A shows a bimodal grain size distribution (see D in Figure 2.7).
In both the small-grain and large-grain domains, quartz has a similar inequigranular
texture with lobate grain shapes. The bimodal grain size distribution may reflect varying
distance between mica-rich layers impeding further grain-size growth (Stipp et al.,
2002a). Chessboard extinction (e.g., Mainprice et al., 1986) is observed locally (see E in
Figure 2.7). These textures together indicate that this sample experienced GBM II
recrystallization and deformation temperatures of 600-700 °C (Stipp et al., 2002b).
Quartz in DH12-03-10 8B shows an inequigranular texture, often with lobate grain
shapes (see F in Figure 2.7). The texture and its lobate nature is indicative of regime
GBM I with deformation temperatures at 500-600 °C (Stipp et al., 2002b). Sample
DH12-04-10 3 displays an inequigranular texture with irregular grain boundaries (see G
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Figure 2.7 Photomicrographs in cross-polarized light of representative samples from the
Tila River transect showing quartz and feldspar deformation microstructures, arranged in
an order of increasing structural positions. Locations of samples are marked in Figure 2.5.
(A) Sample DH12-02-10 3 (MCT footwall): equigranular texture and small grain sizes
due to subgrain rotation. Recrystallized quartz grains and subgrains show a shapepreferred orientation that defines foliation. (B) Sample DH12-02-10 3 (MCT footwall):
subgrains (two arrows at center) show the same size with new recrystallized grains (an
arrow at middle-lower). (C) Sample 12-03-10 5C (MCT shear zone): pinning structures
(two arrows at middle-upper) and mica inclusion completely enclosed in quartz crystal
(an arrow at middle-lower) that represents an initial stage of formation of pinning
structures. (D) Sample DH12-03-10 6A (MCT shear zone): bimodal quartz grain sizes.
Quartz in both domains shows irregular grain shapes formed by grain boundary migration.
(E) Sample DH12-03-10 6A (MCT shear zone): quartz chessboard extinction due to grain
boundary migration (GBM II). (F) Sample DH12-03-10 8B (MCT zone): recrystallized
quartz showing inequigranular texture with relatively large grain sizes (compare with (B))
and lobate grain shapes in response to grain boundary migration (GBM I). (G) Sample
DH12-04-10 3 (MCT shear zone): inequigranular texture with irregular grain boundaries.
Foliation is defined by elongate quartz grains. (H) Sample DH12-04-10 7 (between MCT
and Tila shear zone): quartz chessboard extinction due to increased grain boundary
migration (GBM II).
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in Figure 2.7). The slightly elongate quartz grains and mica define the foliation. The
texture of this sample indicates GBM I recrystallization at 500-600 °C (Stipp et al.,
2002b).
Samples DH12-04-10 7, DH12-04-10 8B, and DH12-04-10 8C are from the
section between the MCT and Tila shear zone (Figure 2.5). Sample DH12-04-10 7 is a
paragneiss. The quartz it contains exhibits chessboard extinction (see H in Figure 2.7),
indicating that the rock experienced recrystallization in regime GBM II at deformation
temperatures of 600-700 °C (Stipp et al., 2002b). Sample DH12-04-10 8B is a
leucogranite, which exhibits a K-feldspar core-mantle structure with myrmekites growing
on the margin of the K-feldspar porphyroclast (see A in Figure 2.8). The feldspar
microstructures indicate that the deformation temperature have reached >600 °C (e.g.,
Pryer, 1993; Kruse et al., 2001; Passchier and Trouw, 2005). Moreover, growth of
myrmekites on the porphyroclast margin parallel to the foliation indicates deformation
processes under high temperatures (e.g., Simpson and Wintsch, 1989). Sample DH1204-10 8C is also a leucogranite. Quartz in this sample displays an inequigranular texture
with amoeboid grain boundaries (see B in Figure 2.8), indicating regime GBM II and
deformation temperatures of 600-700 °C (Stipp et al., 2002a, 2002b).
Samples DH12-05-10 4, DH12-05-01 5, DH12-05-10 7, DH12-05-10 12, and
DH12-05-10 13 are from the Tila shear zone (Figure 2.5). Sample DH12-05-10 4 is a
leucogranite. Flame-perthite and fractures are abundant in K-feldspar (see C in Figure
2.8), indicating that it was subject to deformation temperatures up to ~ 600 °C (Pryer,
1993; Passchier and Trouw, 2005). Sample DH12-05-10 5 is a mylonitized garnetbearing leucogranite. Micas and quartz are aligned to form a mineral stretching lineation
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Figure 2.8 Photomicrographs in cross-polarized light of representative samples from the
Tila River transect showing quartz and feldspar deformation microstructures, arranged in
an order of increasing structural positions. Locations of samples are marked in Figure 2.5.
(A) Sample DH12-04-10 8B (between MCT and Tila shear zone): K-feldspar core-mantle
structure with myrmekites (arrows) growing on the margin of the porphyroclast. The
mantle is composed of small recrystallized feldspar and quartz. The boundary from the
core to the mantle is not sharp but transitional with subgrain structures (Passchier and
Trouw, 2005), indicating deformation temperatures up to ~600 °C. (B) Sample
DH12-04-10 8C (between MCT and Tila shear zone): inequigranular texture, large
recrystallized grain sizes, and amoeboid grain boundaries, in response to grain boundary
migration (GBM II). (C) Sample 12-05-10 4 (Tila shear zone): K-feldspar porphyroclast
with flame-shaped albite lamellae. Fractures are abundant in the porphyroclast. (D)
Sample DH12-05-10 5 (Tila shear zone): Large recrystallized quartz (center) has
amoeboid grain boundaries. (E) Sample DH12-05-10 7 (Tila shear zone): extremely
elongate monomineralic quartz ribbon. (F) Sample DH12-05-10 13 (Tila shear zone):
recrystallized quartz showing inequigranular texture and amoeboid quartz grain
boundaries due to grain boundary migration (GBM II). (G) Sample DH12-06-10 6 (Tila
shear zone hanging wall): recrystallized quartz showing equigranular texture and small
grain sizes formed in response to subgrain rotation. (H) Sample DH12-06-10 7 (Tila
shear zone hanging wall): relicts of large old quartz grains surrounded by small new
recrystallized grains that are formed by bulging recrystallization.
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that plunges to the SSW. Quartz in this sample comprises large recrystallized grains with
amoeboid grain boundaries (see D in Figure 2.8), consistent with regime GBM II and
deformation temperatures of 600-700 °C (Stipp et al., 2002b). Sample DH12-05-10 7 is
from orthogneiss. It displays chessboard extinction in multiple quartz grains and
monomineralic quartz ribbons (see E in Figure 2.8). The chessboard extinction indicates
the GBM II recrystallization at 600-700 °C (Stipp et al., 2002b), and the monomineralic
quartz ribbons are subject to be also formed in mylonitic shear zone at high-grade
metamorphic conditions (e.g., Hanmer et al., 1995; Whitmeyer and Simpson, 2003;
Passchier and Trouw, 2005). Sample DH12-05-10 12 and DH12-05-10 13 are kyanitebearing garnet biotite gneiss. The quartz in these two samples exhibits an inequigranular
texture with amoeboid grain boundaries (see F in Figure 2.8). This texture is consistent
with regime GBM II and deformation temperatures of 600-700 °C (Stipp et al., 2002a,
2002b).
Samples DH12-06-10 6 and DH12-06-10 7 are from the Tila shear zone hanging
wall (Figure 2.5). Sample DH12-06-10 6 is biotite schist. It shows an equigranular texture
with small grain sizes (see G in Figure 2.8), indicating that it is subject to regime SGR
with deformation temperatures of 400-500 °C (Stipp et al., 2002a, 2002b). Sample
DH12-06-10 7 is meta-arenite also from the Tila shear zone hanging wall. It contains
small recrystallized quartz grains around large relict grains (see H in Figure 2.8). This
texture indicates that it is formed by BLG recrystallization at deformation temperatures of
300-400 °C (Stipp et al., 2002a, 2002b).

38

2.4.3 Quartz C-axis Fabrics
In deformed quartz-rich rocks, quartz can develop a lattice-preferred orientation
(LPO) that is recorded by individual c-axis orientations. One can consequently use the
quartz c-axis fabric patterns in multigrain quartz-rich aggregates to assess the
deformation history of the rocks (e.g., Lister and Price, 1978; Lister and Hobbs, 1980;
Schmid and Casey, 1986; Law, 1990).
Samples DH12-02-10 3 and DH12-03-10 3 are from the MCT footwall (Figure
2.5). Quartz c-axis fabrics of DH12-02-10 3 define an asymmetric type-I cross-girdle
pattern (Lister, 1977), whereas sample DH12-03-10 3 yields a symmetric type-I crossgirdle pattern (Figure 2.9). The asymmetric pattern of sample DH12-02-10 3 indicates a
top-to-the-south sense of shear, while the symmetry of sample DH12-03-10 3 may be
indicative of a pure shear component of deformation or a lack of simple shear (e.g., Law
et al., 2004; Larson et al., 2010a).
Samples DH12-03-10 5C, DH12-03-10 8B, and DH12-04-10 3 are from the MCT shear
zone (Figure 2.5). Sample DH12-03-10 5C yields a weakly asymmetric type-I crossgirdle pattern (Figure 2.9). The asymmetric patterns of these samples indicate a top-tothe-south sense of shear. The quartz c-axis fabric of sample DH12-03-10 8B does not
define a conventional cross-girdle pattern and the symmetry of the fabric cannot be used
to determine a shear sense, however, a small circle girdle about the stereonet’s lower pole
indicates a significant pure shear component of deformation (Figure 2.9; Schmid and
Casey, 1986). A similar small circle pattern is also visible, though not as well developed
in sample DH12-03-10 5C. Sample DH12-04-10 3 yields a slightly asymmetric type-II
cross-girdle pattern (Figure 2.9). The asymmetry is consistent with top-to-the-south
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Figure 2.9 Quartz c-axis fabric patterns of samples from the Jumla transect in the
Dadeldhura klippe. All data are presented in lower hemisphere equal-area projection and
viewed towards the east. Plane of projection is perpendicular to foliation and parallel to
lineation. Shear sense is indicated by half-arrows. Samples are arranged in order of
increasing structural positions from MCT footwall to Tila shear zone hanging wall.
Sample locations are marked in Figure 2.5.

40

41

shearing. All samples indicate top-to-the-south shearing, in agreement with field
observations.
Samples DH12-04-10 7 and DH12-05-10 2 are from the section between the MCT
and Tila shear zone (Figure 2.5). Quartz c-axis fabrics from both samples define similar
subtly asymmetric type-I cross-girdle patterns (Figure 2.9). The asymmetry of the fabric
patterns indicates a consistent top-to-the-south sense of shear.
Samples DH12-05-10 5 and DH12-05-10 12 are from the Tila shear zone (Figure
2.5). They yield weakly asymmetric type-I cross-girdle fabrics (Figure 2.9; Lister, 1977).
The asymmetry of these quartz c-axis fabric patterns indicates a consistent top-to-thenorth-northeast shear sense, in agreement with field observations.
Sample DH12-06-10 7 is from the Tila shear zone hanging wall (Figure 2.5).
Quartz c-axis fabrics of this sample define a symmetric type-I cross-girdle pattern (Figure
2.9). Poorly developed small circle girdles about the top and bottom poles of the stereonet
indicate a significant pure shear component to the deformation (Schmid and Casey, 1986).
2.4.3.1 Deformation Temperatures by Quartz C-axis Fabrics
In the MCT footwall, the opening angles of the quartz c-axis fabric girdles
increase from 56 to 65°in samples DH12-02-10 3 and DH12-03-10 3, respectively. This
corresponds to structural positions 600 and 200 m beneath the base of the MCT shear
zone respectively. Within the MCT shear zone, three samples (DH12-03-10 5C, DH1203-10 8B, and DH12-04-10 3) yield quartz LPO opening angles of 76, 80, and 65°,
corresponding to structural positions 100, 400, and 820 m above the base of the MCT
shear zone, respectively. Between the MCT shear zone and the Tila shear zone, samples
DH12-04-10 7 and DH12-05-10 2 are characterized by opening angles of 82-83°while,

42

within the Tila shear zone, samples DH12-05-10 5 and DH12-05-10 12 exhibit a
decreasing trend of opening angles from 82 to 75°with higher structural position. Finally,
in the hanging wall of the Tila shear zone, sample DH12-06-10 7 has a 61°fabric
opening angle.
By applying the empirically calibrated geothermometer (e.g., Kruhl, 1998; Law et
al., 2004), the deformation temperatures can be estimated for these samples from quartz
c-axis fabric analysis (Figure 2.10). The samples (DH12-02-10 3 and DH12-03-10 3) in
the MCT footwall indicate increasing deformation temperatures from 445±50 to
520±50 °C with the increase of structural positions from 600 to 200 m toward the base of
the MCT. The samples (DH12-03-10 5C and DH12-03-10 8B) from within the MCT

Figure 2.10 Empirical relationship between opening angles of quartz c-axis fabric
patterns and deformation temperatures with samples from the Tila River transect in the
Dadeldhura klippe, modified from Law et al. (2004). Grey bar represents ±50 °C
uncertainty. A conceptual c-axis fabric girdle on stereonet is shown in the upper-left
corner.
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shear zone record deformation temperatures of 605-635 ±50 °C at the lower part of the
section, with deformation temperature decreasing slightly to 520±50 °C (DH12-04-10 3)
at the upper part of the section. The opening angles of the samples (DH12-04-10 7 and
DH12-05-10 2) in between the MCT and Tila shear zone indicate consistently high
deformation temperatures of 655-660 ±50 °C. The samples (DH12-05-10 5 and DH1205-10 12) in the Tila shear zone exhibit decreasing opening angles with increasing
structural position, indicating dropping deformation temperatures from 655±50 °C to
600±50 °C up structural section. A deformation temperature of 485±50 °C is indicated by
the opening angle of 61°for the sample (DH12-0610 7) in the Tila shear zone hanging
wall, the structurally highest sample examined.
2.4.4 U-Pb Zircon Geochronology
Two leucogranite samples from the Tila shear zone were analyzed for U-Pb
zircon dating. Dating the crosscutting leucogranites is able to constrain the timing of the
ductile motion of the Tila shear zone.
Sample DH12-05-10 4 is from a leucogranitic vein intruding the host rock at the
base of the Tila shear zone in the Dadeldhura klippe (Figure 2.5). The leucogranite
crosscuts the foliation of the host rocks but it also shows evidence of deformation by topto-the-north shear (see J in Figure 2.6). This structural relationship indicates that the
leucogranitic vein is late syn-kinematic to post-kinematic. Of the 33 spots from 18 zircon
grains for this sample (Figure 2.11 and Appendix), four Proterozoic to late Paleozoic
238

U/206Pb ages spanning from ca. 832 to 313 Ma are discordant. Most of the remaining

29 spots analyses comprise a concordant 238U/206Pb age cluster from ca. 33.8 to 17.2 Ma
although a couple of the ages are discordant (see B in Figure 2.11). The Cenozoic ages
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consist of core ages of ca. 33.8-18.5 Ma and rim ages of ca. 23.9-17.2 Ma. The Paleozoic
ages correspond to low-U concentrations (767-1224 ppm) and low U/Th ratios (3.4-41.4),
whereas the Cenozoic ages correspond to high-U (>2000 ppm) and high U/Th ratios
(>70). CL images show that the Paleozoic ages only occur in the cores with bright,
oscillatory-zoned cores, which are truncated by dark, concentrically zoned rims (see A in
Figure 2.11). The cores with Cenozoic ages are CL-bright or display mosaic textures,
whereas rims display concentric zoning or convoluted zoning.

Figure 2.11 U-Pb zircon geochronology of leucogranite samples from the Tila shear
zone in the Dadeldhura klippe. (A) SEM cathodoluminescence (CL) images of
representative zircon grains from two dated samples with 206Pb/238U ages. Spots are
indicated by circles. (B) Concordia diagram of U-Pb analyses for leucogranites. Sample
locations are marked in Figure 2.5.
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Sample DH12-05-10 11B is from a leucogranite intruding at the upper level of the
Tila shear zone (Figure 2.5). The leucogranite crosscuts foliation of the host rock and is
undeformed (see K in Figure 2.6), representing a post-kinematic intrusion. Twenty-seven
spots from 15 zircon grains yield no pre-Cenozoic ages (Appendix). All 238U/206Pb ages
are concordant and concentrate in the range from ca. 24.6 to 17.6 Ma with a single age at
14.3 Ma (see B in Figure 2.11). Among these ages, the core analyses yield ca 24.6-18.0
Ma while the rim ages spread from ca. 20.5 to 14.3 Ma. All ages correspond to high-U
concentration (>2000 ppm) and high U/Th ratios (mostly >70). CL images reveal that
zircons are characterized by a mosaic texture, overgrown by thin rims with convoluted
zoning (see A in Figure 2.11).
2.4.4.1 Interpretation of Geochronology Data
Cenozoic ages yield wide-ranged clusters for both samples, and mostly
correspond to high U/Th ratios, which commonly indicate that zircon growth is related to
metamorphic or hydrothermal events (e.g., Hoskin and Black, 2000; Rubatto, 2002;
Rubatto et al., 2006). Both samples have some zircon grains that show mosaic textures in
cores and convoluted zoning on rims. Mosaic textures may be developed by metasomatic
replacement of zircon or represent metamict or recrystallized zircons (Corfu et al., 2003;
Rubatto et al., 2012), and convoluted zoning may results from late to post-magmatic
recrystallization of trace-element-rich domains or later metamorphic events (Corfu et al.,
2003). Therefore the growth of zircons with Cenozoic ages in all samples are interpreted
to be associated with metamorphism. The cores with pre-Cenozoic disconcordant ages in
two samples are interpreted as inherited zircons. Below I only discuss the Cenozoic ages,
which represent Himalayan events.

46

Sample DH12-05-10 4, a late syn- to post-kinematic intrusion with respect to the
motion of the Tila shear zone, records core ages of ca. 33.8-18.5 Ma and rim ages of ca.
23.9-17.2 Ma (Figure 2.11 and Appendix). Sample DH12-05-10 11B, a post-kinematic
intrusion with respect to the motion of the Tila shear zone, records core ages of ca. 24.618.0 Ma and rim ages of ca. 20.5-14.3 Ma (Figure 2.11 and Appendix). Some of zircon
cores from sample DH12-05-10 11B might be crystallized during the motion of the Tila
shear zone due to overlap of time between the cores and rims. Thus, the ductile motion of
the Tila shear zone is suggested to have occurred during ca. 23.9-14.3 Ma and ceased at
~14 Ma.
The wide span of Cenozoic ages (ca. 34-14 Ma) from cores to rims in both
samples may indicate a protracted growth of zircons. This feature has been documented
in different Himalayan tectonic domains (e.g., Lee and Whitehouse, 2007; Cottle et al.,
2009; Rubatto et al., 2012), and is interpreted as an episodic growth of zircon in the
presence of melt if high temperatures were preserved over such a long period of time
(Rubatto et al., 2012).
2.5 Discussion
This study documents the presence of a top-to-the-north shear zone, termed the
Tila shear zone, along the northern margin of the Dadeldhura klippe. It separates a slice
of high-grade Greater Himalayan Crystalline complex rocks from the Bhimphedi Group
of medium- to low-grade metasedimentary rocks. Deformation temperatures estimated
from quartz and feldspar microstructures and quartz c-axis fabrics indicate that an
inverted metamorphic field gradient characterizes the section across the MCT shear zone
and a right-way-up metamorphic field gradient characterizes the section across the Tila
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shear zone up-section (Figure 2.12). The thermal gradient across the Tila shear zone is
characterized by ~200 °C/km (Figure 2.12; (650-350) °C/1.5 km). The U-Pb zircon
dating of the syn- to post-kinematic leucogranites constrains the ductile motion along the
Tila shear zone at ca. 24-14 Ma. Some implications of these findings for the evolution of
the Himalayan orogen are discussed below.
2.5.1 Re-interpretation of the Geology of the Dadeldhura Klippe
The Tila shear zone in northeastern Dadeldhura klippe is interpreted as the
southern extension of the STD because of multiple similarities between the two shear
zones and their associated rocks: (1) that both the Tila shear zone and STD record top-tothe-north shearing; (2) that the extremely high thermal gradient of ~200 °C/km across the
Tila shear zone matches the thermal gradient across many STD exposures along the range
(e.g., Law et al., 2004, 2011; Cottle et al., 2011); (3) that the Tila shear zone footwall
consists of a succession of paragneiss at lower level and calc-silicate with thin
orthogneiss interlayers at higher level, which is characteristic of many classical Greater
Himalayan Crystalline complex sections in the neighboring Annapurna region (e.g.,
Vannay and Hodges, 1996; Carosi et al., 2010; Corrie and Kohn, 2011); (4) that the
Bhimphedi Group in the hanging wall of the Tila shear zone consists of Late Proterozoic
metasedimentary rocks largely intruded by Cambrian-Ordovician granites (e.g., Upreti
and Le Fort, 1999; DeCelles et al., 1998; Gehrels et al., 2006b), consistent with the
lithological characteristics of the Proterozoic-Cambrian metasedimentary rocks of the
Tethyan Himalayan Sequence (also see Webb et al., 2011a); (5) that meter-scale northvergent recumbent folds and upright folds exhibit in these rocks (e.g., Robinson et al.,
2006), in agreement with the structural characteristics of the Tethyan Himalayan
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Figure 2.12 Compilation of recrystallization mechanism, deformation temperature, and
shear sense in a synthetic structural section for samples from the Tila River transect in the
Dadeldhura klippe. Left column shows recrystallization mechanisms (after Stipp et al.,
2002a, 2002b); middle column shows temperature ranges estimated from quartz
microstructures (after Stipp et al., 2002a, 2002b) and temperatures with ±50 °C error bar
estimated from opening angles of quartz c-axis fabric patterns (after Law et al., 2004).
Right column shows shear sense obtained from field observations and quartz c-axis
fabrics. The light grey filled box represents the Tila shear zone, and the dark grey filled
box represents the MCT shear zone. Bold dashed curve in the middle column show a
trend of temperatures versus structural positions. U-Pb ages of two leucogranite samples
from the Tila shear zone are also shown in the right column.
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Sequence structurally above the STD (e.g., Kellet and Godin, 2009; Searle, 2010; Godin
et al., 2011); (6) that the metamorphic pattern of an inverted metamorphic field gradient
across the MCT and a right-way-up metamorphic field gradient across the Tila shear zone
matches the classical metamorphic pattern across the MCT and STD, and that the Tila
shear zone is closely coincident with the right-way-up kyanite isograd with temperature
decrease from ~650 to ~550 °C (Figure 2.5 and 2.12), in agreement with the metamorphic
pattern associated with the STD shear zone (e.g., Burchfiel et al., 1992; Vannay and
Grasemann, 1998; Jessup et al., 2008; Chambers et al., 2009; Kellett et al., 2009; Cottle
et al., 2011); and (7) that both the Tila shear zone and STD record top-to-the-north
ductile shearing during the Early and Middle Miocene.
2.5.2 Emplacement of the Crystalline Core by Tectonic Wedging
Recently, Antolin et al. (2013) mapped the STD on the northwestern margin of
the Dadeldhura klippe, thus I speculate that the STD/Tila shear zone may continue
westwards along the northern margin of the klippe, connect with the STD of Antolin et al.
(2013), and intersect with the MCT to the further west (Figure 2.1). It is likely to intersect
the MCT on the eastern margin of the Dadeldhura klippe at about the same latitude with
the STD of Antolin et al. (2013) (Figure 2.1 and 2.3).
Plotting the thickness of the Greater Himalayan Crystalline complex exposed at
various locations in central and west Nepal versus their distances to the proposed branch
line generates a nearly perfect wedge shape tapering to the south (Figure 2.13). The
southward tapering geometry and the occurrence of the MCT-STD branch line in the
western Nepal Himalaya cannot be explained by extrusion models (wedge
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extrusion/critical taper and channel flow-focused denudation), but is consistent with the
tectonic wedging model (Figure 2.2).

Figure 2.13 Thinning of the Greater Himalayan Crystalline complex from north to south
in central and western Nepal. Locations of five profiles are marked in Figure 2.3.

2.5.3 South Tibet Detachment: A Backthrust
The STD is widely recognized as a normal fault system (e.g., Burchfiel et al.,
1992; Hodges et al., 1996, 2001; Grujic et al., 2002; Searle and Godin, 2003). The MCTSTD branch line and the preservation of the leading edge of the GHC enable us to rethink the nature of the STD. Firstly, the presence of the MCT-STD branch line along the
southern Himalaya requires the STD to be a backthrust rather than a normal fault (Webb
et al., 2007, 2011a). Yin et al. (2010a) likewise point out that the STD in the eastern
Himalaya cut up-section along its northward transport direction, indicating a thrust
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geometry. The backthrust STD is able to accommodate the southward emplacement of
the GHC at depth. The backthrust is a common structure in fold-thrust belts (e.g., Jones,
1982; Price, 1986; Skuce et al., 1992; Lawton et al., 1994). The architecture and
kinematics of a wedge bounded by a basal thrust and a top backthrust have been studied
to be mechanically viable by numerical modeling (e.g., Erickson, 1995; Jamison, 1996;
Smart et al., 1999). On the other hand, several lines of evidence suggest that the STD
was sub-horizontal during its motion, rather than a north-dipping normal fault. The STD
exposes over 200 km across the range. The northernmost STD has been confirmed along
the North Himalayan gneiss domes up to ~100 km north of the main trace (e.g., Larson et
al., 2010a; Wagner et al., 2010; King et al., 2011; Zhang et al., 2012); the southernmost
STD is discovered by this study along the northern margin of the frontal MCT klippen in
the Nepal Himalaya extending ~100 km south of the main trace. In the Bhutan Himalaya,
the STD klippen also extends up to ~100 km south of the main trace (e.g., Grujic et al.,
2002; Long and McQuarrie, 2010). A break in thermochronological ages would be
expected across the break-away zone of a normal-sense STD; however,
thermochronological data sets crossing the fault show no offset, but rather matching ages
or a smooth, slow age increase from the footwall to the hanging wall (e.g., Metcalfe,
1993; Godin et al., 2001; Vannay et al., 2004; Chambers et al., 2009). Similarly, recent
work shows that the cold-over-hot thermal pattern associated with the STD is a gradual
transition. Peak metamorphic temperatures decrease smoothly from ~750-650 °C to
~450-250 °C across km-scale section from the STD footwall, through the shear zone, and
into the hanging wall (e.g., Crouzet et al., 2007; Jessup et al., 2008; Cottle et al., 2011).
These peak P-T conditions across the STD shear zone from the North Himalayan gneiss
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domes to the southerly STD klippen and the frontal MCT klippen (this study) are
essentially constant (e.g., Lee et al., 2000; Grujic et al., 2002; Jessup et al., 2008; Kellett
et al., 2010). Raising peak P-T conditions across varying exposure levels of a shear zone
from south to north, however, would be expected for a north-dipping normal fault system.
Therefore, the overall orientation of the STD is locally warped and nearly flat, although
its main trace is gently north-dipping (also see Kellett and Grujic, 2012).
The cold-over-hot thermal gradient across the STD does not require a normal fault,
but is consistent with a sub-horizontal structure, because the condensed but gradual
thermal gradient could result from pure shear. The results from the Tila transect shows
that deformation temperatures across the Tila shear zone/STD gradually decrease from
~650 to 350 °C over ~1.5 km from base of the Tila shear zone/STD to the hanging wall
with the thermal gradient of ~200 °C/km. The extremely high thermal gradient has also
been documented across the main trace of the STD, indicating a significant pure shear
component of deformation (e.g., Law et al., 2004, 2011; Cottle et al., 2011). Some of the
quartz c-axis fabric patterns likewise indicate the pure shear component on the basis of
small circles on the c-axes stereonet plots.
2.6 Conclusions
The mapping and kinematic analysis suggest that a top-to-the-north shear zone,
termed the Tila shear zone, occurs in the Dadeldhura klippe. It is correlated to the STD
on the basis of shear sense and timing of motion. The Tila shear zone/STD is speculated
to merge with the MCT at depth across the center of the Dadeldhura klippe. The Greater
Himalayan Crystalline complex displays a wedge shape tapering to the south. These
features are incompatible with the extrusion models, but can be well explained by the
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tectonic wedging model. This architecture, in turn, requires the STD as a crustal-scale
backthrust rather than a normal fault.
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CHAPTER 3
THE DEVELOPMENT OF THE HIMALAYAN CRYSTALLINE CORE:
INSIGHTS FROM THE KATHMANDU NAPPE, CENTRAL NEPAL
3.1 Introduction
Himalayan mountain-building models are primarily dominated by either extrusion
or underplating processes (e.g., Hodges et al., 2001, 2004; Avouac, 2003;
Konstantinovskaia and Malavieille, 2005; Godin et al., 2006; Herman et al., 2010).
Proposed extrusion models involve exhumation of mid-crustal material between surfacebreaching faults: a thrust fault below and a normal fault above. Proposed underplating
models involve mid-crustal accretion of material from underthrusting Indian plate to the
over-riding orogen. The debate has centered on ongoing mountain-building mechanisms
since the Late Miocene: extrusion by out-of-sequence thrusting (e.g., Harrison et al.,
1997, 1998; Upreti and Le Fort, 1999; Hodges et al., 2001, 2004; Catlos et al., 2001;
Hurtado et al., 2001; Johnson et al., 2001; Wobus et al., 2003, 2005) versus underplating
in the form of duplex development (e.g., DeCelles et al., 2001; Avouac, 2003, 2007;
Robinson et al., 2003; Bollinger et al., 2004, 2006; Herman et al., 2010; Grandin et al.,
2012). Recently, the debate has expanded to include the development and emplacement
of the Himalayan crystalline core (e.g., Yin, 2006; Webb et al., 2007, 2011a, 2011b, 2013;
Long and McQuarrie, 2010; Corrie and Kohn, 2011; Corrie et al., 2012; Kellett and
Grujic, 2012).
As introduced in Chapter 2, there are three major models explaining the
emplacement of the Himalayan crystalline core between the Main Central thrust (MCT)
and the South Tibet detachment (STD) (Figure 2.2): wedge extrusion/critical taper (e.g.,
Burchfiel and Royden, 1985; Grujic et al., 1996; Robinson et al., 2006; Kohn, 2008),
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channel flow coupled to focused denudation (e.g., Beaumont et al., 2001, 2004; Hodges
et al., 2001; Godin et al., 2006), and tectonic wedging (Yin, 2006; Webb et al., 2007).
The apparent top-to-the-north and north-dipping characteristics of the STD in most
studied occurrences favors extrusion models such as wedge extrusion/critical taper and
channel flow-focused denudation. However, the possible preservation of the MCT-STD
branch line reported in several regions along the range is incompatible with extrusion
models, but consistent with the tectonic wedging model (Yin, 2006; Webb et al., 2007,
2011a, 2011b).
In addition to the debate on the emplacement models, the development
mechanism of the Himalayan crystalline core has recently been questioned. Some work
suggests that the Greater Himalayan Crystalline complex is not a single sheared layer, but
consists of multiple layers separated by tectonic discontinuities (e.g., Reddy et al., 1993;
Carosi et al., 2010; Martin et al., 2010; Corrie and Kohn, 2011; Imayama et al., 2012;
Rubatto et al., 2012). The movements of these tectonic discontinuities were prior to the
MCT motion and older at higher structural positions, indicating that the Greater
Himalayan Crystalline complex may have been developed by underplating (Fig. 2; Corrie
and Kohn, 2011).
The field-based, integrated investigation in the Kathmandu Nappe in central
Nepel (this chapter) and the Dadeldhura klippe in western Nepal (Chapter 2) has been
conducted to examine how the crystalline core evolved.
3.2 Geology of the Kathmandu Nappe
The Kathmandu Nappe, one of the frontal klippen in the Nepal Himalaya, is
located in central Nepal with Kathmandu city at its center (Figure 3.1). The Kathmandu
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Figure 3.1 Geology of the Central Himalaya. (A) Simplified geological map of the central Himalaya. The area of Figure 3.2 is
outlined; three lines of cross sectzions include A-A’, B-B’, and C-C’ drawn in (B). This map is based on my work and references for
Figure 2.3. TSZ – Toijem shear zone (Carosi et al., 2010); BT – Bhanuwa thrust, ST – Sinuwa thrust (Corrie and Kohn, 2011); LT1,
LT2, LT3 – Langtang thrust 1, 2, 3 (Reddy et al., 1993); HHT – High Himal thrust (Goscombe et al., 2006). (B) Cross sections of the
central Himalayan across the Dadeldhura klippe (A-A’), Annapurna region (B-B’), and Kathmandu region (C-C’). The characteristics
of the units is based on following work: the Tethyan Himalayan Sequence after Godin et al. (2001), Godin (2003), Kellett and Godin
(2009), Searle (2010); the Greater Himalayan Crystalline complex after Inger and Harris (1992), Vannay and Hodges (1996),
Beaumont et al. (2001), Grujic et al. (2002), Jamieson et al. (2004); the internal structures of Greater Himalayan Crystalline complex
after Reddy et al. (1993), Carosi et al. (2010), Corrie and Kohn (2011); the Lesser Himalayan Sequence duplex after Bollinger et al.
(2006), Robinson et al. (2006), Murphy (2007), Herman et al. (2010); the frontal klippen after Upreti and Le Fort (1999), Webb et al.
(2011a), and this study. MFT – Main Frontal thrust.
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Figure 3.1 Continued.
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Nappe was placed to the south along the MCT, locally termed the Mahabharat thrust (e.g.,
Stöcklin, 1980; Johnson et al., 2001). Similar to the Dadeldhura klippe in western Nepal,
the MCT hanging wall in the Nappe also largely consists of the Bhimphedi Group and
Phulchauki Group (Stöcklin, 1980; Upreti, 1999). In addition, the Sheopuri Gneiss,
correlative to the Greater Himalayan Crystalline complex, occurs north of the northern
margin of the Kathmandu Nappe (e.g., Rai et al., 1998; Johnson et al., 2001). The
Bhimphedi Group is composed of Late Proterozoic medium- to high-grade
metasedimentary rocks intruded by Cambrain-Ordovician granites (e.g., Johnson et al.,
2001). This unit is unconformably overlain by the Phulchauki Group, a section of
Ordovician-Devonian low-grade and unmetamorphosed sedimentary rocks (Gehrels et al.,
2003; Gehrels et al., 2006a). The Phulchauki Group is commonly correlated to the
Tethyan Himalayan Sequence rocks of the same ages (Stöcklin, 1980; Johnson et al.,
2001; Gehrels et al., 2006a), whereas the affiliation of the Bhimphedi Group remains
debated (Upreti and Le Fort, 1999; Webb et al., 2011a). The Kathmandu Nappe is
characterized by right-way-up thermal gradients across the underlying MCT, which is
distinctive from the inverted thermal gradients across the major trace of the MCT to the
north (Johnson et al., 2001).
Four models have been proposed to predict the architecture of the Lesser
Himalayan Crystalline Nappes and potential correlation of those rocks in the Kathmandu
Nappe (Webb et al., 2011a). (1) The STD is speculated to be located within the
Bhimphedi Group such that the Lower Bhimphedi Group is considered as the southern
continuation of the Greater Himalayan Crystalline complex (Yin, 2006). The Upper
Bhimphedi Group and Phulchauki Group together are the Tethyan Himalayan Sequence
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above the southerly STD. (2) The STD does not occur in the Nappe and all rocks in the
Nappe are in the footwall of the STD (Johnson et al., 2001; Gehrels et al., 2003;
Robinson et al., 2003). In this model, the Bhimphedi Group is regarded as the southern
continuation of the Greater Himalayan Crystalline complex; the Phulchauki Group is
only stratigraphically correlative to the Tethyan Himalayan Sequence rather than STD
hanging wall rocks by structural definition. (3) The Lesser Himalayan Crystalline Nappes
are separate thrust sheets (versus the MCT thrust sheet) carried by the Mahabharat thrust
in the MCT footwall (Rai et al., 1998; Upreti and Le Fort, 1999; Hodges, 2000). The
Mahabharat thrust in this model is a structurally lower-level fault with respect to the
MCT. The Bhimphedi Group is consequently interpreted as the Lesser Himalayan
Sequence rocks; the interpretation of the Phulchauki Group is similar as that in model 2.
(4) The STD occurs near the north margin of the Kathmandu Nappe, which separates the
Bhimphedi Group to the south from the Sheopuri Gneiss to the north, and that the STD
merges the MCT to form a MCT-STD branch line (Webb et al., 2011a). This model
requires that both the Bhimphedi Group and Phulchauki Group are correlative to the
Tethyan Himalayan Sequence in that the Bhimphedi-Phulchauki succession is located to
the south of the MCT-STD branch line (e.g., Webb et al., 2007, 2011b).
Geochronological dating has provided some constraints on the timing of the
emplacement and deformation of the Kathmandu Nappe. Th-Pb ages of monazite
inclusions in garnet crystals from the Bhimphedi Group and U-Pb zircon ages of crosscutting granites in the Bhimphedi Group indicate that the frontal klippen might have
experienced Early Paleozoic tectonism (DeCelles et al., 2000; Gehrels et al., 2003,
2006a). Johnson et al. (2001) obtained U-Pb zircon age of ~18 Ma from a cross-cutting
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leucogranite near the Sheopuri-Bhimphedi contact; nearby, a syn-kinematic leucogranite
deformed by top-to-the-north shear band was dated to with U-Pb zircon to be as young as
20 Ma (Webb et al., 2011a). 40Ar/39Ar muscovite cooling ages from the MCT hanging
wall and footwall showed a decrease from ~22 Ma at the southern margin to as young as
~5 Ma at the northern margin of the Kathmandu Nappe (Arita et al., 1997, Bollinger et al.,
2006; Herman et al., 2010). Rb/Sr mica cooling ages of 22-14 Ma was also acquired from
the Kathmandu Nappe (Johnson and Rogers, 1997; Johnson et al., 2001). These Miocene
ages indicate that ductile deformation of the rocks in the Kathmandu Nappe occurred
during the Early and Middle Miocene and ceased by the Late Miocene.
3.3 Methods
3.3.1 Field Mapping
Field mapping was conducted for four transects along the northern margin of the
Kathmandu Nappe. These four transects are Kakani, Chisapani, Lapsephedi, and
Lamidanda transects, which cover the whole northern margin of the Kathmandu Nappe.
In the field mapping, the high-strained structures and lithologies were majorly focused.
3.3.2 Quartz C-axis Fabric Analysis
Quartz c-axis fabric analysis was conducted using a Russell-Head Instruments
G50 automated fabric analyzer housed at University of Saskatchewan. Fabric analysis
from similar or identical such machines is indistinguishable from that determined through
electron back-scattered diffraction (e.g., Wilson et al., 2007; Peternell et al., 2010). All
thin sections analyzed were cut perpendicular to foliation and parallel to mineral
stretching lineation. Quartz c-axis orientation data are plotted in equal area lowerhemisphere stereographic projection. Contour and scatter plots were generated using
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STEREONET 7.2.4 developed by R.W. Allmendinger. The projection plane is
perpendicular to foliation and parallel to lineation such that the lineation lies horizontal
along in the E-W direction and the foliation plane lies vertical along the same direction.
All quartz c-axis fabric plots are viewed towards the east such that, for example, a
sinistral asymmetric pattern with respect to foliation indicates a top-to-the-north sense of
shear.
Assuming a consistent critical resolved shear stress and lack of hydrolytic
weakening effects, the opening angles of quartz c-axis cross girdle fabrics can be used to
estimate deformation temperatures (Tullis et al., 1973; Lister and Hobbs, 1980; Kruhl,
1998; Law et al., 2004). They have been empirically shown to have an approximately
linear relationship with the temperatures at which deformation occurs between ~300 to
700 °C (Kruhl, 1998; Law et al., 2004). Deformation temperatures derived through quartz
LPOs are subject to an uncertainty of ±50 °C (Kruhl, 1998).
3.3.3 U-Pb Zircon Geochronology
Two leucogranite samples from Galchi shear zone in the Kathmandu Nappe are
analyzed. Fifty-eight spot data from 32 zircon grains were acquired using the CAMECA
ims 1270 ion microprobe at the University of California-Los Angeles (UCLA). The
detailed analytical procedure is described by Schmitt et al. (2003). The analyses were
undertaken using an 8-15 nA O- primary beam with an ~15 μm diameter spot size, which
generated a crater with ~1 μm depth. U-Pb ratios were determined using a calibration
curve based on UO/U versus Pb/U from zircon standard AS3 with age of 1099.1 Ma
(Paces and Miller, 1993), and adjusted using common Pb for the Late Cenozoic (Stacey
and Kramers, 1975). Concentrations of U were calculated by comparison with zircon
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standard 91500 with a U concentration of 81.2 ppm (Wiedenbeck et al., 2004). Data
reduction was accomplished by the in-house program ZIPS 3.0 developed by Chris Coath.
3.4 Results
In order to test the hypothesis that the STD and the MCT-STD branch line occur
in the northern Kathmandu Nappe as discussed above, field mapping and kinematic
analysis were completed across this region (Figure 3.2).
3.4.1 Structural Geology
Webb et al. (2011a) have investigated the transition from the Sheopuri Gneiss to
Bhimphedi Group along the Mahesh Khola transect across the northwestern margin of the
Kathmandu Nappe (Figure 3.2). Four transects across the Sheopuri-Bhimphedi contact
were studied: Kakani, Chisapani, Lapsephedi, and Lamidanda transects from west to east,
covering the whole contact in the northern Kathmandu Nappe (Figure 3.2). The SheopuriBhimphedi contact across these transects is marked by a southward change from kyanitebearing gneiss, garnet mica schist, granitic gneiss, and calc-silicate to quartzite, biotite

Figure 3.2 Geological map of the northern Kathmandu Nappe, units as in Figure 3.1,
except as specified. Modified from Rai et al. (1998), Johnson et al. (2001), Gehrels et al.
(2006a), Webb et al. (2011a), and this study. Structural data in gray along the Mahesh
Khola are from Webb et al. (2011a).
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schist, marble, and undeformed granites. Due to strong weathering, planar rock fabrics
are commonly preserved but much of the rock is altered and linear fabrics are obliterated.
Along the Kakani transect, an exposure immediately south of Kakani consists of
strongly deformed gneisses and calc-silicates. Rocks of this exposure are characterized by
strongly deformed folding. Two thin layers with contrasting colors are deformed to
produce asymmetric folds (see A in Figure 3.3). Gneisses are deformed to an S-shape
fold (see B in Figure 3.3); calc-silicates are deformed to tight folds (see C in Figure 3.3).
The asymmetry of these folds consistently yields a top-to-the-north sense of shear. Rocks
north of this highly deformed exposure are dominantly gneisses, garnet mica schists, and
deformed granites, consistent with descriptions of Sheopuri Gneiss. Rocks south of this
highly deformed exposure are primarily quartzites and low-grade metamorphosed pelitic
schists intruded by undeformed granites, in agreement with descriptions of Bhimphedi
Group (e.g., Stöcklin, 1980; Upreti and Le Fort, 1999; Gehrels et al., 2006a). The
exposure with strongly deformed rocks approximately corresponds to the SheopuriBhimphedi contact as mapped by Stöcklin and Bhattarai (1982).
Along the Chisapani transect, an exposure ~5 km south of Chisapani, consists of
gneisses and calc-silicates intruded by leucogranites. The site of this exposure roughly
separates gneisses to the north from weakly deformed and undeformed granites to the
south. They are correlated to the Sheopuri Gneiss and the Cambrian-Ordovician granites,
respectively (e.g., Stöcklin and Bhattarai, 1982; Gehrels et al., 2006a). Thus the site
represents the Sheopuri-Bhimphedi contact as the Cambrian-Ordovician granites only
occur in the Bhimphedi Group (e.g., Rai et al., 1998; Gehrels et al., 2006a). Structural
fabrics of this contact are characterized by meter-scale asymmetric boudinage.
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Figure 3.3 Field photographs and line diagrams of deformation fabrics in the Galchi
shear zone in the northern Kathmandu Nappe. Locations are marked in Figure 3.2. (A)
Asymmetric folded thin layers in the Kakani transect. (B) S-type folded schist in the
Kakani transect. (C) A tight fold in calc-silicate in the Kakani transect. (D) Top-to-thenorthwest asymmetric boudinage with shear band offsetting gneissic foliation in the
Chisapani transect. (E) Foliation offset by shear band in calc-silicates in the Chisapani
transect. (F) Top-to-the-northeast asymmetric boudinage showing that gneiss foliation is
offset by shear band in the Lapsephedi transect. (G) Top-to-the-northeast asymmetric
boudinage chain in the Lapsephedi transect. (H) A sigma-type porphyroclast in granitic
gneisses in the Lapsephedi transect. (I) An S-type fold in schist in the Lamidanda transect.
Note that the leucogranite is deformed by boudinage to form leucosome aggregates. (J) A
NW-vergent recumbent fold in the Lamidanda transect.
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Figure 3.3 Continued.
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Figure 3.3 Continued.
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Mylonitized leucogranite is offset by asymmetric boudinage (see D in Figure 3.3).
Foliation of calc-silicates is also offset by a shear band (see E in Figure 3.3). Asymmetric
boudinage and shear bands coherently record a top-to-the-north sense of shear. The
Sheopuri Gneiss to the north displays gneissic banding and S-C fabrics, while the granites
of the Bhimphedi Group to the south rarely show deformation structures.
For the Lapsephedi transect, the section has strong deformation. There are two
exposures, ~2 km apart in southeast direction, displaying high-strain structures. One
exposure is characterized by asymmetric boudinage that deforms leucogranitic lenses and
gneissic bands (see G and F in Figure 3.3). The other, ~2 km southeastwards, is mainly
featured by sigma-type feldspar porphyroclasts in granitic gneisses (see H in Figure 3.3).
The asymmetric boudinage and sigma-type porphyroclasts are indicative of a consistent
top-to-the-north sense of shear. Rocks south of the highly deformed section are
dominantly low-grade biotite schists, consistent with the descriptions of the Bhimphedi
Group (e.g., Stöcklin, 1980; Johnson et al., 2001; Gehrels et al., 2006a). Undeformed
tourmaline two mica granites also occur south of the section. Structural fabrics of these
rocks are dominated by mica foliation. Rocks north of the highly deformed section are
mainly composed of granitic gneisses, quartzites, kyanite-bearing paragneisses, and
garnet biotite gneisses, correlative to the Sheopuri Gneiss (e.g., Stöcklin, 1980; Rai et al.,
1998). Structural fabrics of these rocks contain foliation, S-C fabrics, boudinage, and
folding, but none of those rocks show evidence of strong deformation.
The Lamidanda transect is the easternmost transect, close to the MCT shear zone.
S-shape folds and recumbent folds in schists are abundant on an exposure ~3 km south of
Lamidanda (see I and J in Figure 3.3). The S-shape folds indicate a top-to-the-north sense
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of shear, which could be also supported by the north-vergent recumbent folds. Quartzite
and limestone are dominant to the southwest of this exposure and garnet mica schists and
granitic gneisses are abundant to the northeast, corresponding to the Bhimphedi Group
and Sheopuri Gneiss, respectively (e.g., Stöcklin, 1980). Structural fabrics of the
Bhimphedi rocks to the southwest include mica foliation, folding, and primary bedding,
while the Sheopuri rocks to the northeast are dominated by mica foliation.
3.4.1.1 Interpretation
All four transects, in combination with the Mahesh Khola transect investigated by
Webb et al. (2011a), show that the Sheopuri-Bhimphedi contact is characterized by a
high-strain shear zone with consistent top-to-the-north ductile motion (Figure 3.2). This
is termed the Galchi shear zone (Webb et al., 2011a).
3.4.2 Quartz C-axis Fabrics
Three samples, EW12-26-07 2B, AW12-25-07 1B, and AW12-24-07 8, analyzed are
from the Mahesh Khola transect in the northwestern Kathmandu Nappe (Figure 3.2). The
Galchi shear zone along this transect was defined by Webb et al. (2011a). Sample EW1226-07 2B is from the Galchi shear zone, while samples AW12-25-07 1B and AW12-2407 8 are from the hanging wall of the shear zone (see A in Figure 3.4). The quartz c-axis
fabric from EW12-26-07 2B exhibits an asymmetric poorly defined type-I cross-girdle
fabric (see B in Figure 3.4), indicating top-to-the-northeast shear. Sample AW12-25-07
1B yields an asymmetric single girdle fabric that also indicates top-to-the-northeast shear.
Sample AW12-24-07 8, the structurally highest specimen analyzed from the Mahesh
Khola transect, yields a poorly developed asymmetric type-I cross-girdle (see B in Figure
3.4) that, like the structurally lower samples, is consistent with top-to-the- northeast shear.
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The asymmetry of all three samples confirms with field-recorded observations of top-tothe-northeast shearing by Webb et al. (2011a).

Figure 3.4 Quartz c-axis fabric patterns of samples from the Mahesh Khola transect in
the Kathmandu Nappe. (A) Simplified geological map of the northern Kathmandu Nappe
and the Mahesh Khola transect (modified from Webb et al., 2011a). (B) Quartz c-axis
fabric diagram. Samples locations are marked in (A). All data are presented in lower
hemisphere equal-area projection and viewed towards the east. Plane of projection is
perpendicular to foliation and parallel to lineation. Shear sense is indicated by halfarrows.

3.4.2.1 Deformation Temperatures by Quartz C-axis Fabrics
Two samples (EW12-26-07 2B and AW12-24-07 8) have type-I cross girdled
patterns. The fabric patterns yield opening angles of 69°for AW12-24-07 8 and 78°for
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EW12-26-07 2B. The deformation temperatures for these two samples are estimated to be
550±50 °C for AW12-04-07 8 and 620±50 °C for EW12-26-07 2B (Figure 3.5), which
agree with metamorphic temperatures derived from the garnet-biotite thermometry by
Johnson et al. (2001) for rocks from the same area.

Figure 3.5 Empirical relationship between opening angles of quartz c-axis fabric
patterns and deformation temperatures with samples from the Mahesh Khola transect in
the Kathmandu Nappe, modified from Law et al. (2004). Grey bar represents ±50 °C
uncertainty.

3.4.3 U-Pb Zircon Geochronology
Sample DH11-21-10 4 was collected from a crosscutting undeformed
leucogranite body that intruded into the top-to-the-north Galchi shear zone south of
Lapsephedi in the Kathmandu Nappe (see A in Figure 3.6). The leucogranite is a postkinematic intrusion. Among the 24 spots analyses from 14 zircon grains, four spots yield
early Paleozoic 238U/206Pb ages from ca. 489 to 508 Ma (Figure 3.7 and Appendix). These
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Figure 3.6 Field photographs of structural relationship of leucogranites for U-Pb zircon
dating. (A) Sample DH11-21-10 4: photograph and line diagram of a leucogranite body
crosscutting the foliation of host rocks. Notebook for scale. (B) Sample DH12-12-10 2:
photograph and line diagram of a leucogranite vein parallel to the foliation of host rocks.
Hammer is 30 cm long.

older ages correspond to low U concentrations (332 ppm on average) and low U/Th ratios
(2.25 on average). Cathodoluminescence (CL) images reveal that these early Paleozoic
ages are from grains characterized by bright color, euhedral shapes, and small grain sizes
(see A in Figure 3.7). The remaining 20 spots analyses exhibit concordant Late Oligocene
to Middle Miocene 238U/206Pb ages with two clusters: core ages of ca. 26.7-19.3 Ma and
rim ages of ca. 18.8-13.8 Ma (see B in Figure 3.7). Among these Cenozoic ages, the core
ages correspond to high-U concentration (>5680 ppm) and high U/Th ratios
(mostly >100), whereas the rim ages correspond to modest high-U concentration (22953786 ppm) and medium high U/Th ratios (37-80). CL images show that the cores with
73

Cenozoic ages are characterized by mosaic textures, truncated by younger rims with
convoluted zoning (see A in Figure 3.7).

Figure 3.7 U-Pb zircon geochronology of leucogranite samples from the Galchi shear
zone in the Kathmandu Nappe. (A) SEM cathodoluminescence (CL) images of
representative zircon grains from two dated samples with 206Pb/238U ages. (B) Concordia
diagram of U-Pb analyses. Sample locations are marked in Figure 3.2.

Sample DH12-12-10 2 is from a deformed leucogranitic vein in the top-to-thenorth Galchi shear zone in the vicinity of Kakani in the Kathmandu Nappe (Figure 3.2).
The occurrence of the leucogranitic lens is concordant with foliation of the host rock and
it is weakly boudinaged (see B in Figure 3.6), indicating that it is pre-kinematic and/or
syn-kinematic. Thirty-four spots from 18 zircon grains were analyzed. Ten spots yield
discordant 238U/206Pb ages spreading from ca. 931 to 45.5 Ma and the remaining 24 spots
yield concordant 238U/206Pb ages of ca. 37.5-23.1 Ma (Figure 3.7 and Appendix). Among
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these Cenozoic ages, rim ages spread from ca. 30.8 to 23.1 Ma, whereas cores yield ages
of ca. 34.7-29.4 Ma (see B in Figure 3.7). While the discordant old ages correspond to
low-U concentration (mostly <2000 ppm) and low U/Th ratios (3.7-62), the Cenozoic
concordant ages correspond to high-U concentration (mostly >2000 ppm) and high U/Th
ratio (mostly >100). CL images reveal that the discordant old ages correspond to bright,
oscillatory-zoned cores, while the cores with Cenozoic ages have complex zoning
including mosaic textures and the young rims display concentric zoning or convoluted
zoning (see A in Figure 3.7).
3.4.3.1 Interpretation of Geochronology Data
Cenozoic ages yield wide-ranging clusters for both samples, and mostly
correspond to high U/Th ratios, which commonly indicate that zircon growth is related to
metamorphic or hydrothermal events (e.g., Hoskin and Black, 2000; Rubatto, 2002;
Rubatto et al., 2006). Both samples have some zircon grains that show mosaic textures in
cores and convoluted zoning on rims. Mosaic textures may be developed by metasomatic
replacement of zircon or represent metamict or recrystallized zircons (Corfu et al., 2003;
Rubatto et al., 2012), and convoluted zoning may results from late to post-magmatic
recrystallization of trace-element-rich domains or later metamorphic events (Corfu et al.,
2003). Therefore the growth of zircons with Cenozoic ages in these two samples is
interpreted to be associated with metamorphism. The cores with pre-Cenozoic
disconcordant ages in all samples are interpreted as inherited zircons. Sample DH11-2110 4, a post-kinematic intrusion with respect to the motion of the Galchi shear zone,
records youngest rim overgrowth during ca. 18.8-13.8 Ma and slightly older core ages of
ca. 26.7-19.3 Ma. Sample DH12-12-10 2, a pre- or syn-kinematic intrusion with respect
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to the motion of the Galchi shear zone, records overgrowth of rims during ca. 30.8-23.1
Ma and growth of cores during ca. 34.7-29.4 Ma. The motion of the Galchi shear zone is
interpreted to have ceased before ca. 18.8-13.8 Ma. Due to small sizes of zircons and thin,
multiple-level rim overgrowth in sample DH12-12-10 2 (see A in Figure 3.7), a single
zone could not be dated, such that the youngest rim age of sample DH12-12-10 2 may
still be older than the duration of the Galchi shear zone ductile motion. Therefore, the
motion of the Galchi shear zone is interpreted to be at ca. 23.1-18.8 Ma, maybe even as
young as ca. 13.8 Ma.
The wide span of Cenozoic ages (ca. 35-13 Ma) from cores to rims in both
samples may indicate a protracted growth of zircons. This feature has been documented
in different Himalayan tectonic domains (e.g., Lee and Whitehouse, 2007; Cottle et al.,
2009; Rubatto et al., 2012), and is interpreted as an episodic growth of zircon in the
presence of melt if high temperatures were preserved over a long time period (Rubatto et
al., 2012).
3.5 Discussion
The field mapping and kinematic analysis confirm that a top-to-the-north shear
zone separates the Sheopuri Gneiss to the north from the Bhimphedi Group to the south
along the length of the northern margin of the Kathmandu Nappe. The U-Pb zircon dating
of the syn- to post-kinematic leucogranites constrains the ductile shearing along the
Galchi shear zone at ca. 23-13 Ma, consistent with published U-Pb zircon ages of a
deformed leucogranite and 40Ar/39Ar muscovite cooling ages in the shear zone (Arita et
al., 1997; Webb et al., 2011a). The implications of these findings for the evolution of the
Himalayan orogen are discussed in the following sections.
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3.5.1 STD Across the Entire Northern Margin of the Kathmandu Nappe
Based on one transect investigation across the northwestern margin of the
Kathmandu Nappe, Webb et al. (2011a) correlated the Galchi shear zone to the STD on
the basis of four criteria: lithological juxtaposition, metamorphic correlations, structural
fabrics, and timing of deformation. All these criteria hold true for the four transects
mapped in this study across the northern margin of the Kathmandu Nappe. Thus this
work confirms that the STD extends along the entire northern margin of the Kathmandu
Nappe, juxtaposing the Sheopuri Gneiss (i.e., the Greater Himalayan Crystalline complex)
with the Bhimphedi Group (Figure 3.2).
Because the contact of the Sheopuri gneiss and Bhimphedi Group intersects the
MCT along the northern margin of the Kathmandu Nappe, the Galchi shear zone/STD
would be expected to intersect the MCT on the northwest and northeast margin of the
Nappe (Figure 3.2; Stöcklin, 1980; Rai et al., 1998; Webb et al., 2011a). Consequently,
the rocks between the Galchi shear zone/STD and the MCT would pinch out to the south.
3.5.2 STD Frontal Limit Extending Southwards
This study demonstrates that the boundary between the Greater Himalayan
Crystalline complex (i.e., the Sheopuri Gneiss) and the Bhimphedi Group is characterized
by the southern extension of the STD. Lombardo et al. (1993) mapped that the SheopuriBhimphedi contact extends to the southern portion of eastern Nepal, where the contact is
interpreted as a thrust fault. Based on the criteria presented, this contact in eastern Nepal
is also interpreted as a southern extension of the STD. The geological map of the Nepal
Himalaya with new interpretation of the STD shows that the distance between the
southerly exposures and the main trace of the STD reaches ~60-130 km (Figure 3.1).
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Likewise, the Zanskar window in the western Indian Himalaya and the STD klippen in
the eastern Bhutan Himalaya exhibit >100 km distance between the northernmost and
southernmost exposures of the STD (see A in Figure 3.1; e.g., Grujic et al., 2002; Yin,
2006). Therefore the STD frontal limit may extend ~100 km southwards in the fault
transport direction from the main trace of the STD, implying that more southern STD
exposures may occur in the southern Himalaya and have yet to be discovered.
Southward extension of the STD frontal limit, combined with the main trace
widely along the range crest and the possible northern exposures bounded the Northern
Himalayan gneiss domes, is consistent with the STD as a sub-horizontal shear zone
during its motion (e.g., Yin, 2006; Webb et al., 2011a, 2011b; Kellett and Grujic, 2012).
The sub-horizontal STD is supported by several lines of evidence: (1) widely consistent
exposures of stratigraphic juxtaposition across the STD in the fault transport direction
(e.g., Burchfiel et al., 1992; Grujic et al., 2002); (2) roughly constant peak P-T conditions
across the STD exposures in the transport direction (e.g., Grujic et al., 2002; Jessup et al.,
2008; Kellett et al., 2010; Wagner et al., 2010); and (3) no thermochronological break in
the immediate hanging wall and footwall of the STD (e.g., Metcalfe, 1993; Godin et al.,
2001; Vannay et al., 2004; Chambers et al., 2009).
3.5.3 MCT-STD Branch Line: An Orogen-wide Feature
The southern trace of the STD may merge with the MCT in several regions in the
southern Himalaya. The STD/Galchi shear zone is expected to intersect the MCT on the
northwestern and northeastern margin of the Kathmandu Nappe as discussed above
(Stöcklin, 1980; Rai et al., 1998; Webb et al., 2011a). Studies in the Dadeldhura klippe in
western Nepal suggest that the MCT-STD branch line may be also preserved there (see

78

Chapter 2). Therefore, based on these studies and previous work, the intersection of the
STD and MCT does occur in multiple regions including the Zanskar window region,
Kulu window region, Dadeldhura klippe, and Kathmandu Nappe (Yin, 2006; Webb et al.,
2007, 2011a, 2011b). The intersection is also speculated in the southern portion of
Eastern Nepal and southern Bhutan (re-interpreted from Lombardo et al., 1993,
Goscombe and Hand, 2000, Long and McQuarrie, 2010, and Long et al., 2011). The
preservation of the intersection structure indicates that the STD merges with the MCT at
depth to form the MCT-STD branch line that marks the leading edge of the Greater
Himalayan Crystalline complex in these regions (see B in Figure 3.1). In the AnnapurnaDhaulagiri region of Nepal, in contrast, the MCT and STD lie closely but do not intersect
with each other, and the crystalline rocks between the two shear zones are only ~2-6 km
thick (Hodges et al., 1996; Vannay and Hodges, 1996; Searle and Godin, 2003; Godin et
al., 2006; Carosi et al., 2010). In this region the MCT-STD branch line may be just
eroded away (Figure 3.1B). The widespread distribution of the MCT-STD branch line
along the length of the range indicates that it is an orogenic feature rather than a local
anomaly.
Given that the MCT-STD branch line is an orogen-wide feature, the evolution of
the Himalaya would have been dominated by the emplacement of the Greater Himalayan
Crystalline complex between the STD and MCT at depth during the Early and Middle
Miocene. This process is well explained by the tectonic wedging kinematics (Webb et al.,
2007, 2011a, 2011b), but is inconsistent with extrusion models such as wedge
extrusion/critical taper and channel flow-focused denudation (e.g., Burchfiel and Royden,
1985; Beaumont et al., 2001).
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3.5.4 Himalayan Mountain-building Dominated by Underplating
The development of the Lesser Himalayan Sequence duplex via underplating has
been proposed as a dominant deformation mechanism since the Late Miocene (e.g.,
DeCelles et al., 2001; Robinson et al., 2003; Bollinger et al., 2004, 2006). By comparing
considerable thermochronological data with numerical modeling predictions, Herman et
al. (2010) suggested that underplating may represent a more realistic model than out-ofsequence thrusting. Recent seismic experiments reveal that underplating may still
continue at multiple crustal levels at present (Nábělek et al., 2009). The underplating
process is also supported by interseismic InSAR measurements (Grandin et al., 2012).
Tectonic wedging kinematics, dominating the emplacement of the Greater
Himalayan Crystalline complex during the Early and Middle Miocene, is essentially a
type of underplating. The Greater Himalayan Crystalline complex can be regarded as a
giant duplex horse bounded by the STD above and the MCT below, such that it was
underplated from the STD footwall into the MCT hanging wall, and then emplaced
southwards (e.g., Erickson, 1995). The STD as a backthrust constrains the motion of the
Greater Himalayan Crystalline complex to only occur at depth. The tectonic wedging
kinematics requires low exhumation rate, in contrast to high exhumation rate required by
extrusion models, during the emplacement of the Greater Himalayan Crystalline complex.
Wobus et al. (2008) documented a very low exhumation rate (<<0.1 mm/yr) in the
Greater Himalayan Crystalline complex rocks in the Langtang region by biotite 40Ar/39Ar
thermochronology, in agreement with the tectonic wedging kinematics.
Moreover, recent work suggests that underplating may dominate the early-stage
development of the Greater Himalayan Crystalline complex prior to the motion of the
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MCT and STD (Corrie and Kohn, 2011). This argument is based on discovery of multiple
tectonic discontinuities within the Greater Himalayan Crystalline complex in Annapurna
and Langtang regions of central Nepal (Figure 3.1A and B; Reddy et al., 1992; Corrie and
Kohn, 2011). These tectonic discontinuities are parallel to the MCT and marked by topto-the-south thrusting; the timing of movement on these thrust faults become older at
higher structural positions. In addition, some other work documented a pre-MCT single
thrust shear zone, termed the Toijem shear zone in western Nepal and the High Himal
thrust in eastern Nepal, within the Greater Himalayan Crystalline complex (Carosi et al.,
2010; Imayama et al., 2012). Meanwhile, Rubatto et al. (2012) documented a similar
tectonic discontinuity in the Sikkim Himalaya but with a younger block atop an older
block along the discontinuity, implying that the Greater Himalayan Crystalline complex
might have experienced a more complicated history. All these discoveries, nonetheless,
indicate that the Greater Himalayan Crystalline complex is not a uniform unit but
composed of multiple slices that have been developed since Late Oligocene by
underplating, a process similar to the development of the Lesser Himalayan Sequence
duplex (Herman et al., 2010; Corrie and Kohn, 2011).
However, if the STD is treated as a normal fault in the underplating model (Corrie
and Kohn, 2011), the underplating of the Greater Himalayan Crystalline complex is
kinematically incompatible with the STD as a normal fault above. Combining the
duplexing and tectonic wedging kinematics, an underplating-tectonic wedging model is
proposed. This model accounts for not only both the discontinuities within the Greater
Himalayan Crystalline complex and the geometry of the MCT-STD branch line, but also
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presents continuous underplating kinematics for the development and emplacement of the
Greater Himalayan Crystalline complex during the Late Oligocene and Middle Miocene.
3.5.5 Evolution of the Himalayan Orogen
By synthesizing these findings, an evolutionary history of the central Himalaya
after the initial Indian-Asian collision is proposed (Figure 3.8). The first stage presents
the pronounced crustal thickening of the Tethyan Himalayan Sequence. The Tethyan
Himalayan Sequence experienced intense south-verging, isoclinal folding and southdirected thrusting after the initial Indian-Asian collision (e.g., Ratschbacher et al., 1994;
Yin et al., 1999; Godin et al., 1999, 2001; Wiesmayr and Grasemann, 2002; Murphy and
Yin, 2003; Aikman et al., 2008; Kellett and Godin, 2009; Searle, 2010). This stage
persisted until the emplacement of the high-grade Greater Himalayan Crystalline
complex rocks via underplating and duplexing during ca. 27-23 Ma (Carosi et al., 2010;
Corrie and Kohn, 2011). The Greater Himalayan Crystalline complex rocks were
accumulated and emplaced in the form of hinterland-dipping duplexing horses prior to
the motion of the MCT and STD. These high-grade rocks were accreted in the midcrustal level from the underthrusting Indian plate to the Himalayan orogen via
underplating processes. Based on the work of Corrie and Kohn (2011) and Carosi et al.
(2010), three south-directed thrust faults are documented within the Greater Himalayan
Crystalline complex in the central Himalaya; they are Toijem shear zone, Sinuwa thrust,
and Bhaunwa thrust. The motion of the three thrust faults was sequential or simultaneous
during ca. 27-23 Ma. It is worth noting that at this stage the shortening amount
accommodated by these three thrust faults is up to 200 km, which has not included in
orogenic shortening estimates (e.g., Murphy and Yin, 2003; Robinson et al., 2006). The
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Figure 3.8 Schematic cross sections showing Cenozoic evolution of the central Himalaya after India-Asia collision. Abbreviations as
in Figure 3.1. Dashed lines mark future faults; black bold lines are active faults; gray bold lines are inactive faults. See text for details.
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third stage depicts the emplacement of the Greater Himalayan Crystalline complex
bounded by the MCT below and the sub-horizontal backthrust STD above during the
Early to Middle Miocene. At this stage the Greater Himalayan Crystalline complex was
emplaced at depth through tectonic wedging, in which the STD as a backthrust splays off
of the MCT to form a MCT-STD branch line bounding the leading edge of the Greater
Himalayan Crystalline complex. Some of the south-verging isoclinals folds in the
Tethyan Himalayan Sequence were re-shaped to north-verging tight folds due to the
effect of dragging caused by the southward emplacement of the underlying Greater
Himalayan Crystalline complex rocks (e.g., Kellett and Godin, 2009; Godin et al., 2011).
Since the Late Miocene, the major motion of the MCT and STD ceased, and the Lesser
Himalayan Sequence duplex in the MCT footwall continued to grow and consequently
caused warping of the MCT, STD, and the rocks above (e.g., Robinson et al., 2003;
McQuarrie et al., 2008; Webb et al., 2013), resulting in separation of the MCT and STD
in the frontal klippen in the south from their main traces in the north. Due to the alongstrike variation in terms of the locations where the Lesser Himalayan Sequence duplex
occurred, the intensity of the duplexing, and the intensity of the focused erosion, the
leading edge of the Greater Himalayan Crystalline complex has been locally preserved,
such as in the Kathmandu Nappe and Dadeldhura klippe, but it has been likely eroded
away in most parts of the Himalaya orogen such as the Annapurna-Dhaulagiri region.
3.6 Conclusions
The mapping confirms the top-to-the-north Galchi shear zone exists across the
length of the north margin of the Kathmandu Nappe. The Galchi shear zone is the
southern continuation of the STD, which merges with the MCT at depth to the south.
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This study, in conjunction with the southerly exposures of the STD in the eastern and
western Himalaya (e.g., Grujic et al., 2002; Yin, 2006; Webb et al., 2007), suggests that
the frontal limit of the STD may extend ~60-100 km southwards from the range crest
where the major trace of the STD commonly occurs. The MCT-STD branch line has been
discovered in northwestern India (Yin, 2006; Webb et al., 2007, 2011b) and western and
central Nepal (Webb et al., 2011a; this study), is speculated to occur in eastern Nepal (reinterpreted from Lombardo, et al., 1993), and may be eroded in Bhutan (e.g., Long and
McQuarrie, 2010). Thus the MCT-STD branch line is considered as an orogen-wide
feature. All these features indicate that the Himalayan crystalline core was emplaced by
tectonic wedging kinematics. These findings, combined with recent work that proposed
the crystalline core was constructed via thrust stacking (Corrie and Kohn, 2011), are
synthesized in a reconstruction showing that the Himalayan mountain-building processes
are dominated by underplating.
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CHAPTER 4
TRISHEAR MODELING WITH CURVED FAULTS: APPLICATION TO
THE PERDIDO FOLD-THRUST BELT, GULF OF MEXICO
4.1 Introduction
Fault-related folds are common structures associated primarily with two types of
tectonic settings: collision/accretion-driven subaerial fold-thrust belts along convergent
plate boundaries and gravity-driven deepwater toe structures of passive continental
margins (e.g., Rowan et al., 2004; Cooper, 2007; McClay, 2011; Wu and McClay, 2011).
The fault-related folding structures in both tectonic settings have long been recognized to
be capable of forming significant hydrocarbon traps. The examples of the subaerial foldthrust belts with giant hydrocarbon traps are the Zagros fold-thrust belt in Iran, foothills
of the Canadian Rocky Mountains, and sub-Andean thrust and fold belt (e.g., Jones, 1982;
Blanc et al., 2003; Echavarria et al., 2003), while the deepwater fold-thrust belts include
the classical toe-thrust structures in the Niger Delta and the Gulf of Mexico (e.g., Weimer
and Buffler, 1992; Trudgill et al., 1999; Ingram et al., 2004; Kostenko et al., 2008).
Conceptual models of fault-related folding have been served as the fundamental
guide for the interpretation of outcrop and subsurface structures in the fold-thrust belts.
Three major geometrical and kinematic models, proposed to account for the intimate
linkage between faulting and folding, are fault-bend folding (Suppe, 1983; Suppe et al.,
2004), fault-propagation folding (see A in Figure 4.1; Suppe and Medwedeff, 1990; Mitra,
1990; Narr and Suppe, 1994; Jabbour et al., 2012), and detachment folding (Jamison,
1987; Dahlstrom, 1990; Poblet and McClay, 1996; Mitra, 2002). Some combination of
these end-member models has been used to explain structures with hybrid features or
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Figure 4.1 Fault-propagation folding models. (A) Kink-band style model (modified from
Suppe and Medwedeff, 1990); (B) conventional trishear model with a planar fault, (C)
radial trishear model with a curved fault.
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evolving from one model-dominant to another model-dominant scenario (e.g., Marrett
and Bentham, 1997; Mitra, 2003; McClay, 2004, 2011; Wallace and Homza, 2004).
All of these models are built on the basis of kink-band kinematics with an
assumption of constant layer thickness, such that flexural slip and parallel folding are
inherently incorporated into the kink-band-style models (Suppe, 1983; Suppe and
Medwedeff, 1990). Natural examples and experimental models, however, commonly
show curved fold hinges and thickening and thinning of fold limbs, rather than angular
fold hinges and constant thickness of fold limbs predicted by the kink-band-style models
(e.g., Friedman et al., 1980; Withjack et al., 1990; Chester et al., 1991; Allmendinger,
1998; Shaw and Shearer, 1999; Jin and Groshong, 2006; Lin et al., 2007). More detailed
comparisons between trishear and kink-band-style fault-propagation folding models are
presented in the next section.
Erslev (1991) proposed a distinctive trishear model that explains observations that
are not fully considered by the kink-band-style models (see B in Figure 4.1). Trishear is
an alternative kinematic model of fault-propagation folding in which concentrated strain
along the fault spread upward and outward to distributed, heterogeneous strain in a
triangular zone above the fault tip (Erslev, 1991; Allmendinger, 1998). It has a strikingly
different mechanism of folding, that is, the folds are formed by inclined shear instead of
kink-band-style parallel shear along the bedding contacts (Allmendinger, 1998; Hardy
and Allmendinger, 2011). It is noteworthy that the inclined shear in trishear models is
different from that of rollover structures developed in the hanging wall of listric normal
faults. The former is nonparallel shear planes oblique to bedding, whereas the latter is
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parallel shear planes oblique to bedding (e.g., White et al., 1986; Dula, 1991; cf., Hardy
and Allmendinger, 2011).
As a quantitative model, the initially conceptual trishear of Erslev (1991) has been
expanded to robust models with explicit formulation of the velocity field (Hardy and
Ford, 1997; Zehnder and Allmendinger, 2000). Pseudo-3D (i.e., serial 2D cross sections)
and 3D trishear models, in turn, rapidly developed to consider lateral fault propagation
(Cristallini and Allmendinger, 2001; Cristallini et al., 2004; Cardozo, 2008). The validity
of trishear kinematic models has been tested by mechanical modeling by using various
approaches including finite-element and discrete-element analysis (e.g., Johnson and
Johnson, 2002; Cardozo et al., 2003, 2005; Finch et al., 2003; Hardy and Finch, 2007).
Because the formulation of trishear is built on the basis of conservation of mass, i.e.,
incompressible flow, it assures that trishear is a retro-deformable model for constructing
balanced cross sections (e.g., Zehnder and Allmendinger, 2000). Allmendinger (1998)
took advantage of trishear capable of being retro-deformable to run an inverse numerical
model accompanied by a grid search approach to find the best-fit model of the structural
problems to be solved (also see Cardozo, 2005). However, grid search is a timeconsuming approach that conducts searching across the entire parameter space. More
efficient methods, i.e., optimization algorithms, have subsequently been proposed to
incorporate into trishear inverse modeling (Cardozo and Aanonsen, 2009; Cardozo et al.,
2011; Brandenburg et al., 2011). The optimized trishear inverse modeling can
significantly reduce computational time by searching the best-fit model along a
preferential trending direction (e.g., Cardozo and Aanonsen, 2009).
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Trishear forward and/or inverse models have been applied to a variety of aspects
of problems, such as seismic hazard assessment, strain and fracture analysis, and tectonic
evolution (e.g., Allmendinger and Shaw, 2000; Fisher and Wilkerson, 2000; Bump, 2003;
Allmendinger et al., 2004; Cardozo, 2005; Lin et al., 2007; Brandenburg et al., 2012). In
addition to modeling contractional structures, trishear modeling has been applied to
extensional fault-propagation folding (e.g., Hardy and McClay, 1999; Khalil and McClay,
2002; Jin and Groshong, 2006). Recently, trishear theory was adapted to a quadshear
model to simulate fault propagation in heterogeneous mechanical stratigraphy (Welch et
al., 2009).
Although many natural examples of fault-propagation folding have been
successfully modeled using the trishear approach, all these models have a common
limitation that they only apply to planar faults because trishear models were initially
proposed to study basement-involved structures (e.g., Erslev, 1991; Allmendinger, 1998).
However, many fold-thrust belts display curved fault geometries, particularly in the
deepwater toe-thrust structures (e.g., Erslev, 1986; Jordan and Allmendinger, 1986;
Weimer and Buffler, 1992; Rowan et al., 2004; Corredor et al., 2005; Krueger and Grant,
2011; McClay, 2011). In order to apply trishear models to the curved faults, Brandenburg
(2013) recently proposed a radial trishear model for curved faults (see C in Figure 4.1),
which considerably broadens the range of application.
This study adapts the radial trishear formulation to a double trishear model to
simulate an anticlinal structure associated with two facing thrust faults in the Perdido
fold-thrust belt in the northwestern deepwater Gulf of Mexico. A series of parallel cross
sections across the strike of the structure was modeled to reconstruct the 3D kinematic
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history of this anticlinal structure. This work not only presents a kinematic model for the
development of the Perdido fold-thrust belt, but also provides an effective means to
significantly reduce the non-uniqueness of manual fault interpretation in wipe-out zones
commonly associated with faults.
4.2 Comparison of Kink-band and Trishear Models
Because the two modes of fault-propagation folding, kink-band and trishear
models have distinctive characteristic features (Figure 4.1; e.g., Erslev, 1991;
Allmendinger, 1998; Hardy and Allmendinger, 2011), consequently, those features are
able to guide the choice of a suitable model to interpret a specific structural problem. (1)
Kink-band models invariably show angular fold hinges and modest to narrow crested
anticlines which have constant interlimb angles with depth, while trishear models
commonly display curved hinges and broad crested anticlines which tighten with depth.
(2) Kink-band models have uniform dips and constant thickness of fold limbs, indicating
homogeneous strain as a result of layer-parallel shear, whereas trishear models exhibit
non-uniform dips and thickening and thinning of fold limbs, indicating heterogeneous
strain due to inclined shear. Because the strain is heterogeneous in trishear models, it is
worth noting that the circular strain markers commonly used to quantify the strain are not
perfectly elliptical after deformation (Allmendinger, 1998). (3) Synclines are pinned to
the fault tips in kink-band models while synclines can be formed in the footwall of faults
such as the Turner Valley anticline in the foothills of the Canadian Rocky Mountains
(e.g., Allmendinger, 1998). (4) Growth strata in kink-band models display a number of
growth triangles in each of which syn-kinematic sediments are conformable due to kink
band migration (Shaw et al., 2005), however trishear models develop fanning growth
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strata on forelimbs for planar faults (Hardy and Fort, 1997), or on both forelimbs and
backlimbs for ramp-flat fault geometries with trishear implemented above the ramp-flat
connection (Cristallini and Allmendinger, 2002) and curved faults (Brandenburg, 2013).
The fanning growth strata indicate progressive fold limb rotation in trishear models
(Shaw et al., 2005). Subsurface seismic images show fanning growth strata on both
forelimbs and backlimbs are very common in deepwater fault-propagation folds such as
the toe-thrusts in the Niger Delta (e.g., McClay, 2011). (5) The fault propagation/slip
ratio is fixed (P/S = 2) and implicit in kink-band models (Suppe and Medwedeff, 1990);
in contrast, it is explicitly included in trishear models and needs to be determined from
the fold geometries (e.g., Hardy and Fort, 1997; Allmendinger, 1998). (6) Kink-band
models can be applied graphically or analytically via measuring a few parameters (Suppe
and Medwedeff, 1990), while trishear models can be only constructed iteratively or
numerically because the controlling parameters, such as the fault propagation/slip ratio,
cannot be explicitly determined from the fold geometries (e.g., Cardozo and Aanonsen,
2009). (7) Kink-band models were initially proposed for explaining thin-skin structures
(Suppe and Medwedeff, 1990) and later expanded to basement-involved structures (Narr
and Suppe, 1994), however trishear models was initially developed due to the
inapplicability of kink-band models for basement-involved, thick-skin structures (Erslev,
1991; Allmendinger, 1998). (8) Hardy and Finch (2007) suggested by mechanical
modeling that kink-like folds are preferentially generated in strongly anisotropic
stratigraphy and trishear folds are inclined to be formed in isotropic stratigraphy (also see
Cardozo et al., 2005). (9) Curvature analysis can be readily applied on trishear modeling
but not to kink-band models because the curvature is either zero on the fold limbs or
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infinite on the fold hinges (Fischer and Wilkerson, 2000). Similarly, strain analysis
cannot be done with kink-band models but can be done with trishear models.
4.3 Background of the Study Area
4.3.1 Evolution of the Gulf of Mexico
The origin of the Gulf of Mexico results from the separation of the North
American and South American plates during the Late Triassic and Jurassic (Figure 4.2;
e.g., Pindell and Dewey, 1982; Pindell, 1985; Salvador, 1987). Rifting between the North
American and South American plates started from the Late Triassic, generating grabenhorst structures subsequently covered by massive clastic sediments and volcanic rocks.
The sporadic rifting continued to the Middle Jurassic has been followed by seafloor
spreading. Salt deposits were widely accumulated in the entire basin in the Late Jurassic,
which were later divided by continued seafloor spreading to develop today’s two salt
provinces: the Louann Salt in the northern Gulf of Mexico and the Campeche Salt to the
south (Pindell, 1985; Salvador, 1987). The salt, however, does not show a uniform
thickness across the basin (see B in Figure 4.2), and that the variation is likely controlled
by the paleo-topography of the rifted basement, thereby influencing the along-strike
variation of the structural styles and deformation mechanism of the overlying stratigraphy
(e.g., Peel et al., 1995). The Cretaceous to Cenozoic stratigraphy was deposited either
above the autochthonous Louann Salt or directly on the basement where the salt pinchout occurs in the northern Gulf of Mexico (see B in Figure 4.2; e.g., Weimer and Buffler,
1992; Peel et al., 1995; Trudgill et al., 1999). Because considerable amount of clastic
sediments was transported into the opening Gulf of Mexico basin during the Cenozoic,
the shelf margin has been migrating basinward several hundred kilometers since the
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passive margin was formed, which, in turn, has caused the differential crustal subsidence
due to sediment loading (e.g., Salvador, 1987; Peel et al., 1995).

Figure 4.2 Map of the Gulf of Mexico and a representative regional cross section. (A)
Map of the Gulf of Mexico showing the location of the Perdido fold-thrust belt. AC –
Alaminos Canyon, AT – Atwater Valley, EB – East Breaks, GB – Garden Banks, GC –
Green Canyon, KC – Keathley Canyon, MC – Mississippi Canyon, PI – Port Isabel, WR
– Walker Ridge. (B) Regional cross section A-A’ modified from Peel et al. (1995) and
Rowan et al. (2004) showing that the Perdido fold-thrust belt is a contractional structure
located at the toe of the linked passive margin system.

The structural styles of the post-salt stratigraphy can be primarily divided into two
domains: the proximal (landward) extensional domain, in the form of growth normal
faulting, and the distal (basinward) contractional domain, in the form of thrusting, folding,
and extrusion of salt (including salt diapirs and canopies) (see B in Figure 4.2; Hossack,
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1995; Peel et al., 1995). The extensional and contractional domains are linked by gravity
gliding and/or gravity spreading along one or more decollement levels including
autochthonous Louann Salt, intra-Eocene and intra-Oligocene shale or allochthonous salt
sheets (Peel et al., 1995; Rowan et al., 2004). Thus the amount of extension must be
approximately balanced by shortening in the contractional domains, because no obvious
deformation occurs beyond the landward and basinward limits of this linked system and
in the basement during the Cenozoic (e.g., Wu et al., 1990; Diegel et al., 1995; Peel et al.,
1995; Trudgill et al., 1999). There are two prominent contractional structures at the
basinward margin of the northern Gulf of Mexico: the Perdido fold-thrust belt to the west
and the Mississippi fan fold belt to the east. They both share some similarities and have
different characteristics. For example, the Mississippi fan fold belt is characterized by
asymmetrical, basinward-vergent, salt-cored folds while the Perdido fold-thrust belt
exhibits more symmetrical two-fault-bounded folds (e.g., Weimer and Buffler, 1992).
These differences may be related to the variation of the initial thickness of salt deposits in
the two fold belts (e.g., Trudgill et al., 1999; Costa and Vendeville, 2002; Rowan et al.,
2004).
4.3.2 Perdido Fold-thrust Belt
The Perdido fold-thrust belt is located in the deepwater Alaminos Canyon of the
northwestern Gulf of Mexico, ~350 km SW from Houston, Texas (see A in Figure 4.2).
The Perdido fold-thrust belt is a deepwater contractional fold-thrust belt at the basinward
limit of a linked passive margin system of proximal extension and distal contraction
above an autochthonous salt decollement – the Louann Salt. (see B in Figure 4.2; e.g.,
Peel et al., 1995; Trudgill et al., 1999; Rowan et al., 2004). The allochthonous Sigsbee
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salt nappe was extruded upward and basinward to north and northwest of the Perdido
fold-thrust belt, where the fold-thrust structures disappear beneath the salt nappe (see B
Figure 4.2). The Perdido fold-thrust belt has been discovered to have petroleum potential
primarily due to the prominent anticlinal structural traps (e.g., Foote et al., 1983; Trudgill
et al., 1995; Camerlo and Benson, 2006).
There are two continuous seismic reflectors across the entire Perdido fold-thrust
belt: the upper seismic reflector and the deeper seismic reflector (Camerlo and Benson,
2006). They correspond to the top Paleocene reflector and the middle Cretaceous
sequence boundary (MCSB), respectively, of Fiduk et al. (1999) and Trudgill et al.
(1999). These two prominent reflectors serve as key horizons for 3-D structural
interpretation. The sequence between the basal Louann salt and the deeper seismic
reflector are primarily shallow-marine and deep-marine carbonates deposited during the
Late Jurassic to Early Cretaceous, while the overlying section between the upper and
deeper seismic reflectors are dominated by turbidite systems of the Late Cretaceous to
Paleocene in age. The Eocene- Lower Oligocene stratigraphy consists of turbidite
systems and shale. These strata are characterized by roughly constant thickness. The
Upper Oligocene-Middle Miocene sequence contains some material derived from the
local fold crests in the Perdido fold-thrust belt and is characterized by thinning on the
fold crests and thickening on the flanks. Pelagic sediments dominate the Upper Miocene
to Pleistocene strata (Fiduk et al., 1999; Trudgill et al., 1999). Therefore, the Perdido
fold-thrust belt is interpreted as being active primarily during the Late Oligocene to
Middle Miocene, and then became less active from the Late Miocene to Pleistocene
because the depocenter had migrated to the east (Peel et al., 1995). In contrast, the main
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phase of deformation was constrained to the Early Oligocene by palinspastic restoration
(Trudgill et al., 1999).
The Perdido fold-thrust belt is composed of a series of northeast-southwesttrending folds bounded by reverse faults (Trudgill et al., 1999). These folds are
symmetrical or slightly asymmetrical, with either basinward or landward vergences.
Some reverse faults cut through the area of the fold crests, forming the fault-bounded
folds, while some other reverse faults break through gently-dipping fold limbs away from
the fold crests, developing independent fault-propagation folds irrelevant to faultbounded folding. The faults associated with the fault-bounded folds were interpreted by
Trudgill et al. (1999) as a passive response to tightening of the folds due to progressive
shortening, however, they did not provide an explanation for the fault-propagation folds
or treated them as the same mechanism as the fault-bounded folds formed. Most of these
reverse faults show curved geometries with steep dips in shallow levels and gentle dips in
deep levels (see Trudgill et al., 1999). In contrast, Camerlo and Benson (2006)
interpreted the possible fault zones as kink bands with no cutting-through faults.
There have been three models to explain the kinematics of folding in the Perdido
fold-thrusting belt (Figure 4.3). Mount et al. (1990) first proposed a duplex-cored faultbend folding model on the basis of the broad crest of the anticlines; the ramp-flat
geometry of the fault and the duplex at deep levels were speculated from the geometry of
the hanging wall anticline at shallow levels. As the seismic data being greatly improved,
the Perdido fold-thrust belt has been widely interpreted as salt-cored detachment folds
bounded by steep reverse faults (Weimer and Buffler, 1992; Hall et al., 1993; Peel et al.,
1995; Trudgill et al., 1999). Recently, Camerlo and Benson (2006) proposed an unfaulted
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kink-style detachment folding model because steeply-dipping bedding was imaged across
the seismic wipe-out zones. This study suggests that a trishear model is an alternative
model to interpret the fault-related folding structures in the Perdido fold-thrust belt.

Figure 4.3 Structural models of the Perdido fold-thrust belt. (A) Duplex-cored faultbend fold model (Mount et al., 1990); (B) High-angle reverse-faulted detachment fold
model (Trudgill et al., 1999); (C) Unfaulted kink-style detachment fold model (Camerlo
and Benson, 2006); (D) Trishear with curved faults model (this study).

The anticlinal structure to be modeled (see A in Figure 4.4), one of the fold
structures in the Perdido fold-thrust belt, consists of two northeast-southwest-trending
anticlines, which are partly separated, if not all, by two opposing thrust faults, termed F1
and F2 (see B in Figure 4.4). The two faults zones exhibit curved geometries although
they are poorly imaged in the seismic data. The anticlinal structure is interpreted to be
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Figure 4.4 Simplified structural map of the modeled anticlinal structure and a
representative sketched cross section. (A) Depth structural map of the horizon H2. The
unit of contour values is feet. Eight parallel lines with numbers labeled show the
locations of modeled cross sections. (B) Schematic cross section 4 with six interpreted
horizons. Seismic wipe-out zones are outlined by dashed lines. All cross sections in this
chapter are 1:1 scale.
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generated in the form of fault-propagation folding, because the anticlines are in the
hanging walls of and in front of the two faults but are not cut through by the faults.
Slightly syncline-like horizons characterize the common footwall of these two faults.
These two thrust faults appear to sole into the autochthonous salt decollement layer. The
upper and deeper seismic reflectors are equivalent to the horizon H2 and H3, respectively,
in this study (see B in Figure 4.4). An array of normal faults developed in the hanging
wall of the fault F1 and cut across the horizon H2 (see A in Figure 4.4).
4.4 Methods
4.4.1 Double Trishear Model
To constrain the geometries and locations of the faults in poorly imaged zones in
the Perdido fold-thrust belt, trishear modeling is conducted in this study. Radial trishear
with curved faults (see C in Figure 4.1; Brandenburg, 2013) is used rather than the simple
trishear with planar faults (see B in Figure 4.1; e.g., Zehnder and Allmendinger, 2000)
because of the curved fault geometries in the wipe-out zones (see B in Figure 4.4).
Furthermore, he radial trishear model explicitly involves a component of detachment
folding (Brandenburg, 2013), which is the widely accepted mechanism of the fold growth
in the Perdido fold-thrust belt.
The simple trishear model deals with planar faults and has planar boundaries in
the trishear zone. There are six parameters determining the shape of a fault-propagation
fold; they are the fault slip, P/S (ratio between fault propagation rate and slip rate),
trishear angle (the angle between the two boundaries of the trishear zone), fault dip angle,
and x and y positions of the fault tip (e.g., Zehnder and Allmendinger, 2000). The radial
trishear model features curved faults and cardiod-shaped boundaries of the trishear zone
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(Brandenburg, 2013). Similarly, the shape of a fault-propagation fold is controlled by six
parameters: the fault slip, P/S, A (a coefficient of the cardiod curves of the trishear
boundaries), radius of the curved fault, and X and Y positions of the initial fault tip.
Because the two cardiod trishear boundaries near the fault tip are approximately linear, A
has a relation with the trishear angle (Brandenburg, 2013), that is,

where γ is the trishear angle in the simple trishear model, thus A is equivalent to the
trishear angle. In the radial trishear model, it is assumed that the thrust fault initiates its
trace in the horizontal direction such that the thrust fault connects to the horizontal
decollement without discontinuity and velocity is continuously changed from the area
above the decollement to the hanging wall of the thrust fault. As the velocity description
of the simple trishear with planar faults (Zehnder and Allmendinger, 2000), the velocity
for the radial trishear is described by two components in the trishear zone: the faultparallel velocity and the fault-perpendicular velocity. It is noteworthy that, in the radial
trishear model, the fault trajectory is progressively changed and the fault-parallel
velocities consequently vary at different points, in contrast with the constant fault-parallel
velocity in the simple trishear model (see Zehnder and Allmendinger, 2000). By
comparing the folding geometries derived from the two types of trishear models (see B
and C in Figure 4.1), one can readily recognize that the simple trishear with a planar fault
tends to produce a monocline but the radial trishear with a curved fault preferentially
forms an asymmetrical anticline, implying that the former is good for basement-involved
structures (e.g., Erslev, 1991; Allmendinger, 1998) and the latter is more suitable for
deepwater toe-thrust structures (Brandenburg, 2013).
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In this study the two faults interact with one another. That is, the motion of the
thrust fault F1 may influence the strata in the hanging wall of the thrust fault F2 in that
F1’s trishear zone may be superimposed on parts of the strata in F2’s hanging wall, and
vice versa. The radial trishear model was adapted to a radial trishear model with two
opposing curved faults, named the double radial trishear model.
Figure 4.5 shows a conceptual double radial trishear model with the velocity field
before slip and the configuration of deformed strata after slip. The area overlapped by
two trishear zones would be influenced by both faults along with the motion of the faults.
Layer thickening is prominent in the common footwall of and in front of the two faults.
The folding surface show a non-perfect curved geometry resulting from the interference
by the two faults.
4.4.2 Workflow
The trishear modeling applied in this study is optimized trishear inverse and
forward modeling (e.g., Cardozo and Aanonsen, 2009). The workflow, constructed on the
basis of the trishear inverse modeling firstly proposed by Allmendinger (1998), primarily
consists of the kinematic module and optimization module, connected by an objective
function (Figure 4.6). The kinematic module comprises inverse modeling and forward
modeling, generating restored models and deformed models, respectively. The objective
function is used to quantify how well the models (restored or deformed) fit data by
calculating the difference between the models and data. The optimization module plays a
role in selecting a minimum difference and generating a new set of parameters. In
comparison to the brute-force grid search method (e.g., Allmendinger, 1999; Cardozo,
2005), the global optimization algorithms implemented in this study provide a statistical
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Figure 4.5 Diagram of double trishear with curved faults. (a) Velocity distribution at the
initial fault slip. Arrows represent the relative magnitude and direction of velocity.
Dashed bold lines are future fault traces. (b) Deformed configuration after the slip of the
faults. Vertical thickening and horizontal shortening can be seen in the triangle zones.

way to determine the best-fit model, thereby considerably increasing the computational
efficiency (e.g., Cardozo and Aanonsen, 2009). Optimization algorithms are particularly
important for the double radial trishear modeling in that two faults are determined by
twelve parameters rather than only six parameters for a single fault model.
In the kinematic module, there are two schemes to compare the models and data:
(1) comparing restored model beds with straight lines via inverse modeling
(Allmendinger, 1998), and (2) comparing deformed model beds with the current bedding
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Figure 4.6 Workflow of optimized trishear modeling. The codes consist of two modules,
kinematic module and optimization module, which are connected by an objective
function. Xn – a set of parameters (12 components for double trishear); misfit – the
difference between modeled horizons and interpreted horizons; X_best – the best-fit set of
parameters.

data via forward modeling (Cardozo, 2005). They are called key-bed and fit-to-profile
schemes, respectively, by Hardy and Allmendinger (2011). Both schemes assume that
initial bedding prior to deformation is horizontal and planar (straight lines in cross
sections), such that these schemes are limited to structures without pre-deformation prior
to fault-propagation folding. This problem has been pointed out in modeling real
structures (e.g., Allmendinger and Shaw, 2000). However, the Perdido fold-thrust belt is
characterized by a salt decollement, which tends to induces detachment folding with no
faulting at the early period of the deformation. The initial configuration prior to faultpropagation folding consequently may not be flat-lying planar planes, which can also be
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speculated from the variation of lateral salt thickness and fold positions in the vertical
direction (see Trudgill et al., 1999; Camerlo and Benson, 2006). In order to simulate the
structures with non-planar initial bedding, a scheme, to some extent, combining the keybed and fit-to-profile schemes is designed. In this scheme, inverse modeling is first used
to restore the currently deformed horizons (data) to an undeformed pattern. Every
undeformed model horizon is then regressed to a quadratic curve by a least square
approach. Here the undeformed model horizons are regressed to quadratic curves in that
they are relatively simple but can approximately match the salt roller or low-amplitude
detachment folding geometries. Cubic curves or other forms of curves could also be used
to represent initial bedding geometries. The regressed undeformed model horizons are
then deformed to produce the deformed model horizons by forward modeling. Finally,
the difference between the deformed model horizons and data horizons can be calculated
from the objective function. In short, this scheme is characterized by sequentially
operating, in each iteration, inverse modeling, regression, forwarding modeling, and
comparison between deformed models and data.
4.4.3 Modeling Input
Six relatively continuous, high-amplitude horizons were interpreted from a 3D
seismic dataset of this anticlinal structure, and they are, in turn, used as input data to
generate and compare with models throughout the simulation (cf., Allmendinger, 1998).
The six horizons are sequentially termed from top to bottom H1, H2, H3, H4, H5, and H6
(see B in Figure 4.4). Note that the horizon H2 was interpreted as a countious bed without
normal faults for modeling purposes, because trishear modeling is unable to produce
secondary deformation such as discrete normal faults. The poorly imaged areas including
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the fault zones are left un-interpreted (see B in Figure 4.4). All these horizons are prekinematic strata because of approximately constant thickness of each horizon except for
the areas near the faults, thus the trishear modeling does not need to consider growth
strata. Eight parallel, roughly equal-spaced seismic cross sections, perpendicular to the
strike of the anticlinal structure, were selected to be modeled semi-independently (see A
in Figure 4.4). In the other words, each cross section is modeled independently but the
selection of parameters values for each cross section is dependent on those of the adjacent
cross sections. It therefore assures that some of the parameters, such as the P/S, would not
be dramatically different for adjacent cross sections in order to obey the physical
properties of continuum materials. Three dimensional geometry of the modeled structure
was constructed by interpolating the space between any two adjacent cross sections in
terms of the faults and horizons.
4.5 Modeling Results
4.5.1 Best-fit Models of the Eight Cross Sections
The best-fit models of eight cross sections are presented in Figure 4.7. The
models (black lines) in general fit the data (blue lines) very well, except some areas in the
hanging wall of fault F1 with second-order bumps in cross sections 5-8. Those bumps
may be produced by local anisotropy of the strata and/or syn- or post-deformation beyond
the major trishear folding. The parameters of best-fit models for the eight cross sections
are summarized in Table 4.1. The modeling results reveal some features of the best-fit
models as follows.
(1) The radii of the two faults are quite consistent (mostly ~30, normalized radii)
along the strike of the structure, indicating that the curvature of the two faults is smooth
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Figure 4.7 Best-fit models of the eight cross sections. Blue lines are seismically
interpreted horizons; black lines are modeled horizons and faults. Salt decollement layers
are shaded. All scale bars represent 5000 ft.
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and continuous along the strike of the structure (Figure 4.8). On the other hand, the fault
F1 in cross sections 5 and 6 is characterized by much smaller radius (~16, normalized).
This is because the trishear modeling attempted to reproduce the hump in the backlimb of
the fault F1 in cross sections 5 and 6, and that the hump has relatively small wavelength
which requires relatively small radius of fault curvature.

Table 4.1 Parameters of the best-fit models for eight cross sections

(2) The initial fault tips of the fault F2 are more coherent than those of the fault
F1. Again, the fault F1 in cross sections 5 and 6 show markedly different fault tip
positions from the rest due to reproducing the hump geometry. Nonetheless, the initial
fault tip positions are overall consistent so that each of the faults started at the similar
structural positions with respect to the strikes of the current folds.
(3) For parameter A, the fault F1 has coherent values (0.1-0.2), while the fault F2
is less consistent (0.52-0.99). The trishear angles are correspondingly ~11-24°for the
fault F1and ~55-90°for the fault F2. The large trishear angles of the fault F2 imply that
the motion of the fault F2 would have an impact on the deformation in the hanging wall
of the fault F1.
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Figure 4.8 3D geometry of two fault planes by interpolation of eight pairs of modeled
faults. Purple lines on the fault planes are modeled fault traces of the best-fit models.
Blue dot lines are the interpreted horizon H2 for reference.

(4) The P/S values of two faults vary laterally along the strike of the structure.
This may result from the sensitivity of the P/S to the resultant folding geometries (e.g.,
Allmendinger et al., 2004; Cardozo and Aanonsen, 2009). The P/S values (3-9) in this
study are higher than other trishear applications (e.g., 2.3-2.5 of Allmendinger, 1998; 2.6
of Allmendinger and Shaw, 2000; 1.5-3.6 of Brandenburg, 2013). For the faults with high
P/S values, the intensity of fault-related deformation is relatively low, which can be
reflected from the gentle curvature of the overburden folds. However, the P/S values are
relatively low (3-4) for both faults in the cross sections 1 and 2, where both faults do not
cut through the overburden. The variation of the P/S indicates that the trishear folds
produced by high P/S values tend to be akin to an end-member model of fault-bend
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folding while those produced by the relatively low P/S values, e.g., in the cross sections 1
and 2, are tend to be closer to the other end-member model of detachment folding
(Allmendinger, 2004).
(5) The fault F1, overall, has lower slip than the fault F2 has, and that both faults
are characterized by high slip at the two ends and low slip at the centers of the fault
planes. The average shortening amounts of the faults F1 and F2 are ~0.6 and ~1.3 km,
respectively (Figure 4.9).

Figure 4.9 Plotting of shortening amounts versus cross section numbers. The fault F1 is
the southeast-directed thrust, and the fault F2 is the northwest-directed thrust.

(6) The restored horizons are not flat-lying straight lines in two dimensions or
planar planes in three dimensions, but show convex-up geometries with gentle overall
dips to the southeast (Figure 4.10). This is probably due to the flow of the salt
decollement layer before the trishear-style fault-propagation folding started.
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Figure 4.10 Geometry of restored horizons. (A) Restored horizons of the cross section 2,
no vertical exaggeration; (B) 3D restored horizon surfaces, vertical exaggeration = 2:1.

4.5.2 3D Kinematic Evolution of the Modeled Structure
The model faults in three dimensional space display curved surfaces and
continuity along the strike of the structure (Figure 4.8). Figure 4.11 shows the 3D
geometry of the model with horizon H2 on the top, such that one can visualize that the
fault F2 partially cuts through the horizon H2. The cross-cutting relationship is not in
agreement with any previous seismic interpretation that fault F1 may or may not partially
cut through horizon H2 and fault F2 was never interpreted as cutting through Horizon H2.
111

The model produced two northeast-trending anticlinal structures in the center and a
depression in the northwest corner of the region on the model horizon H2, which is
remarkably similar to the data horizon H2 by seismic interpretation (see A in Figure 4.4).
Therefore it can be concluded that the 3D geometry of the structure in the Perdido foldthrust belt can be well reproduced by trishear modeling: serial cross-section modeling and
interpolation of the best-fit models (Figure 4.7).

Figure 4.11 3D geometry of the anticlinal structure and modeled fault planes. The top
surface is the horizon H2. Fault F2 cuts through southwestern portion of the horizon H2.

In addition to reproduce the currently deformed 3D geometry, trishear modeling is
able to reconstruct a continuous, 3D kinematic evolution of the structure by trishear
forward modeling once the best-fit models have been selected, because trishear numerical
modeling records every incremental evolution of modeled structures from initially
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undeformed geometries to finally deformed configurations. In this perspective, trishear
has an incomparable advantage to reconstruct the kinematic history of a structure in
comparison with conventional graphical models such as fault-band-style models.
Based on the modeling, there are two stages involved in developing the current
structural configuration: the pre-trishear doming stage and the trishear fault-propagation
folding stage. The first stage involves salt-related doming. The modeling produced nonflat restored horizons (Figure 4.10), indicating prior to the trishear fault-propagation
folding these horizons had undergone pre-trishear deformation, which may be attributed
to the movement of the underlying Louann Salt. Thrust faulting has started to play an
important role in shaping the current structural style since the second stage. The two
opposing curved thrusts started faulting within the Louann Salt; however, the starting
points along the strike of the structure were not aligned for both faults, although the fault
F2 showed better alignment (see Table 4.1 and Figure 4.8). This could be due to the
anisotropy of the salt layer when faulting started and modeling errors discussed below.
Nevertheless, the overall geometries of the two faults are relatively smooth and
continuous. The fault tip lines have propagated upward to cut through the overlying
horizons since the faulting started. Largely due to various propagation rates of the fault
tips along the strike, the model produced along-strike variation of the geometries of the
hanging wall folds (Figure 4.7 and 4.11). Specifically, the two faults did not break the
bottom horizon H6 in the northeastern portion of the structure such as the cross sections 1
and 2 due to low P/S values, whereas they cut through some of the overlying six horizons
in the central and southwestern portions of the structure due to high P/S values. The fault
F1 did not cut through the horizon H2 but the fault F2 cut partially through the horizon
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H2 in the southwestern portion of the structure. The kinematic reconstruction indicates
that the horizontal shortening amounts caused by fault slip are ~0.6 and 1.3 km on
average for the faults F1 and F2, respectively (Figure 4.9).
4.5.3 Strain Analysis
Trishear modeling has an advantage of estimating the strain associated with the
fault-propagation folding (e.g., Allmendinger, 1998; Cardozo et al., 2003; Brandenburg et
al., 2012). The strain distribution can be used to predict the distribution of fractures and
deformation bands that has a direct impact upon the effectiveness of hydrocarbon
migration and accumulation by changing porosity and permeability of rocks (e.g., Fischer
and Wilkerson, 2000; Rath et al., 2011; Brandenburg et al., 2012). A large number of
circular markers are distributed into the domains of modeled cross sections. After
forward running the best-fit models with strain markers, the circular markers are
deformed into ellipses by prescribed trishear velocity field, and then the principal
maximum shortening and elongation directions can be determined and the intensity of
shortening strain can be calculated by

where ε is the intensity of shortening strain,
and

is the diameter of initial circular markers,

is the short axis of the ellipses after deformation.
Figure 4.12 (A) is an example (the cross section 3) of strain ellipses showing the

intensity of shortening strain (color code) and the maximum shortening direction (red
lines in ellipses). There are three features associated with the strain distribution: (1) the
area to the left of the initial point of the fault F1 shows zero strain, resulting from
horizontal translation without internal deformation; (2) the areas around the faults and in
114

Figure 4.12 Finite strain analysis showing high strain around the fault traces and in front
of the fault tips. (A) Shortening strain ellipses of the cross section 3 showing the
intensities of shortening strain and maximum shortening directions (red short lines). (B)
Shortening strain map of the horizon H2 draped on structural surface of the horizon H2.

front of the faults exhibit high strain (up to 40% in front of the fault F1), because the
heterogeneous deformation occurs in the trishear zones when the fault frontal tips pass
through the presently high strain areas; (3) parts of the hanging walls of the two faults
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display relatively higher strain (~15%) than neighboring areas (~5-10%) because of the
influence of the other fault. Note that the strain ellipses and strain intensities in upper
right corner are artificial results due to the radius of the fault F2 being smaller than the
distances from these ellipses to the fault surface. The high strain areas around and in front
of the faults F1 and F2 have maximum elongation in nearly vertical directions, indicating
that these areas underwent noticeably thickening, consistent with the seismic
interpretation.
Strain maps are made by interpolating the modeled strain to the entire horizon
surfaces. Figure 4.12 (B) shows a strain map of the horizon H2 surface draped on its
surface. The horizon H2 strain map reveals that the high strain intensities (~25-40%) are
concentrated on the area between the two faults and the southwestern end is slightly
higher than the other end. This could be due to the cross-cutting relationship of the fault
F2 and the horizon H2 in the southwestern portion of the structure (Figure 4.11). The
northeast end of the high strain zone is wider than the rest probably because of high slip
and low P/S values that enable rocks to stay in the trishear zones for longer duration
(Table 4.1 and Figure 4.7). The sharp change of the strain in the lower center area is
caused by the local bump. The modeled strain map can be used to correlate with
production data such as effective permeability, but this topic is involved proprietary
issues and is not discussed here.
4.6 Discussion
4.6.1 Uncertainty of Trishear Modeling
The rationale behind trishear modeling is to find best-fit models that have
minimum misfits with data. In practice, the best-fit models produced by optimized
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trishear modeling only correspond to the smallest misfit values out of a large number of
searches; however, local minima cannot be avoided using optimization methods such as
gradient optimization (e.g., Cardozo and Aanonsen, 2009) or even stochastic global
optimization (e.g., Brandenburg et al., 2011; Cardozo et al., 2011), indicating that
optimized trishear modeling still produces non-unique solutions (Brandenburg et al.,
2011). The best-fit models therefore do not necessarily represent the real solutions that
have occurred to produce the deformed structures observed. It would be more meaningful
to explore a family of solutions with similar misfits than to present a single best-fit model
that corresponds to a minimum (e.g., Brandenburg et al., 2011). An example with a
family of solutions is present in Figure 4.13. In this example, a large range of misfit
values (18-50) is plotted. Interestingly, most of the final fault tips are located in the
seismic wipe-out zones, implying to some extent that the trishear is a viable kinematic
model to produce the structure observed and the two faults do occur somewhere in the
wipe-out zones. Note that the smallest misfit range (18-20), corresponding to 10%
deviation, reasonably represents a family of proper solutions (cf., Brandenburg et al.,
2011).
In addition to the non-uniqueness produced by optimized trishear modeling, the
uncertainty could be induced by errors that occur in a variety of aspects from
observations, measurements, to interpretations (e.g., Allmendinger, 1998; Cardozo, 2005;
Cardozo and Aanonsen, 2009; Hardy and Allmendinger, 2011). The uncertainty could
also be caused by the pre- and/or post-kinematic (with respect to trishear kinematics)
deformation, such that we are not able to exactly constrain the geometry produced by
trishear, such as the bump in southwestern portion of the modeled structure. All these
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Figure 4.13 A family of solutions. Blue dotted lines are interpreted horizons; black lines
are modeled horizons and faults. Colored dots show initial (greenish) and final (reddish)
fault tips of models with certain range of misfits. Different colors represent different
quality of fit compared to the best-fit model.

errors could lead to uncertainty for trishear modeling. An alternative solution (the cross
section 6) is presented, which slightly compromises the bump geometry (Figure 4.14).
The misfit of the alternative solution is slightly higher than that of the best-fit model
(compare F in Figure 4.7F and A in Figure 4.14), but it produces more consistent fault
plane geometries (compare Fig. 8 and B in Figure 4.14). Therefore, considering the
uncertainty and compromising between the misfit and structures are particularly
important for modeling of 3D structures that requires three dimensional fits instead of
simply fitting a cross section.
4.6.2 Trishear As a Means of Reducing Non-unique Fault Interpretation
An accurate structural interpretation is fundamental to hydrocarbon exploration
and production (e.g., Fisher and Jolley, 2007). However, fault interpretation by manual
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Figure 4.14 An alternative model. (A) Model of the cross section 6 has slightly higher
misfit than the best-fit model shown in Figure 7. (B) 3D geometry of two fault planes
with the alternative model shows smoother fault geometries.
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picking commonly provides non-unique solutions (e.g., Bond et al., 2007; Torvela and
Bond, 2011), particularly in poorly imaged fault zones, which consequently lead to an
unbalanced cross section. Trishear modeling is a numerical approach that strictly follows
a prescribed kinematic description and then can significantly avoid human bias during
seismic interpretation. Moreover, trishear models can produce a retrodeformable cross
section, because the velocity formulation requires conservation of mass (e.g., Zehnder
and Allmendinger, 2000). Therefore, once the parameters associated with the trishear
model are determined, the fault location and initial and final fault tips are uniquely
decided by forward modeling. In practice, the geometries of fault-related folds (i.e., the
deformed bedding) are readily and well constrained. The fault geometry and location can
be determined from the geometries of the fault-related folds by trishear inverse modeling.
In the inverse process, determination of faults is only decided by judging misfits between
models and data, thus trishear avoids uncertainty associated with fault manual picking.
Although trishear modeling still produces non-unique solutions due to local minima
problems as discussed above, it can significantly reduce the uncertainty and non-unique
solutions of fault interpretation by manual picking (Figure 4.13; e.g., Brandenburg et al.,
2011).
In addition to reducing non-uniqueness of fault interpretation, trishear modeling
provides a way to judge whether horizon correlation across a fault zone is appropriate.
Because the horizon separation across a large fault is commonly not constant at various
structural levels along the fault, it is common to make a miscorrelation across a fault.
Trishear modeling inherently produce different offsets at varying structural levels, thus
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one can use trishear to judge the feasibility of the horizon interpretation when
determining the fault geometry and location.
4.6.3 Structural Models For the Perdido Fold-thrust Belt
The structural models for interpreting the development of the Perdido fold-thrust
belt have been evolving with the advances of the seismic technology (Figure 4.3). The
first proposed duplex-cored fault-bend folding model by Mount et al. (1990) was based
on how closely the broad anticlinal structures in the Perdido fold-thrust belt resembled
theoretical fault-bend folds and, in turn, the duplex and the flat-ramp geometry of the
fault were highly speculated. This duplex-cored fault-bend folding model requires ~ 7 km
shortening for each anticlinal structure, such that the total shortening amount is up to 35
km in the Perdido fold-thrust belt if five similar anticlinal structures in the contractional
direction are involved (see seismic images in Trudgill et al., 1999 and Camerlo and
Benson, 2006; cf. 20-30 km shortening of Peel et al., 1995).
The widely accepted model describes that salt-cored detachment folds with highangle reverse faults dominate the Perdido fold-thrust belt (Weimer and Buffler, 1992;
Hall et al., 1993; Peel et al., 1995; Trudgill et al., 1999). This model was developed due
to recognition of basal salt decollement layer and better understanding of the viscous
property of salt. The amounts of shortening are ~1-1.5 km for a single anticlinal structure,
and the total shortening of the Perdido fold-thrust belt is only 5-7.5 km (Trudgill et al.,
1999). In this model, the contractional deformation is primarily accommodated by saltcored detachment folding, whereas the high-angle reverse faults only play a minor role in
development of the Perdido fold-thrust belt and accommodate very limited shortening
amounts.
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The recently proposed unfaulted kink-style detachment folding model results
from the illustration of steeply dipping bedding in seismic wipe-out zones by improved
seismic imaging efforts (Camerlo and Benson, 2006). The amounts of shortening in this
model should be at the same level (i.e., ~5-7.5 km) as the salt-cored detachment folding
model because both are detachment-folding-dominated models. However, some of the
seismic images shown by Camerlo and Benson (2006) display larger bedding separation
in the deeper levels and smaller bedding separation in the upper levels across the wipeout zones (or the low-reflectivity zones) (e.g., Figure 5 of Camerlo and Benson, 2006).
The phenomena are inconsistent with the kink-style folding model because it requires
constant dips in the kink zones and constant separation at various structural levels.
Conversely, the decrease of bedding separation upward is in agreement with faultpropagation folding kinematics.
In this study, the trishear modeling is motivated by the cutting-edge 3D seismic
images, in which the wipe-out zones do exhibit unequal bedding separation from bottom
to top and layer thickening around the wipe-out zones. The amounts of shortening
accommodated by two thrust faults for the modeled anticlinal structure are ~1.5-2.5 km
and, consequently, the total amounts of shortening are ~7.5-12.5 km if all anticlinal
structures in the Perdido fold-thrust belt would have been deformed in the form of
trishear. The amount of extension of the same time period (the Early to Middle Miocene)
in the landward direction is about 10 km (Peel et al., 1995), which can be well balanced
by shortening in the Perdido fold-thrust belt in the form of trishear-style fault-propagation
folding.
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4.7 Conclusions
Trishear modeling with curved faults is successfully used to reproduce the faultrelated folding structures of the Perdido fold-thrust belt. The trishear formulation is
customized to the double trishear model to fit the modeled anticlinal structure with two
opposing faults. Eight parallel cross sections normal to the length of the anticlinal
structure are modeled independently but with certain constraints on choosing parameter
values. The results show that the modeled horizons in the best-fit models match the
interpreted horizons very well for all eight cross sections. 3D fault surfaces and modeled
horizons are generated by interpolating these best-fit models. The 3D modeled structure
reveals that the fault F1 does not cut through the horizon H2 at all, whereas the fault F2
partially breaks through the horizon H2 in the southwestern portion of the anticlinal
structure. The deformation strain is concentrated on the areas adjacent to the two faults
and ahead of the final fault tips. The shortening amount caused by the two faults is ~1.52.5 km, corresponding to total shortening amount of ~7.5-12.5 km in the Perdido foldthrust belt if all anticlinal structures are considered to be deformed in the form of trishear.
This result indicates that the amount of extension accumulated landwards (~10 km by
Peel et al., 1995) during the period of the formation of the Perdido fold-thrust belt can be
well balanced by the shortening in the Perdido fold-thrust belt basinwards.
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CHAPTER 5
SUMMARY AND CONCLUSIONS
This dissertation consists of projects that study contractional tectonics and have a
common goal: testing tectonic models for fold-thrust belts and gaining a deeper
understanding of the kinematic evolution of contractional tectonics. One project focuses
on how the Himalayan crystalline core was emplaced during the Miocene; the other is to
study the growth mechanism of the fault-related folds in the Perdido fold-thrust belt in
the deepwater Gulf of Mexico. The Himalayan study is conducted by an integrated
approach including structural mapping, petrographic, microstructural, quartz c-axis fabric,
and geochronological analyses. This project comprises the investigations of two field
areas: the Dadeldhura klippe in western Nepal (Chapter 2) and the Kathmandu Nappe in
central Nepal (Chapter 3). The Perdido project is to apply trishear modeling to simulate
the fault-related folds in the Perdido fold-thrust belt (Chapter 4). This project involves
seismic interpretation and numerical modeling. Below, I summarize the main conclusions
of each project.
5.1 Emplacement of the Himalayan Crystalline Core by Tectonic Wedging
My mapping in two frontal klippen in the Nepal Himalaya confirms the top-tothe-north Galchi shear zone exists along the whole north margin of the Kathmandu
Nappe, and suggests that a top-to-the-north shear zone, termed the Tila shear zone, occurs
in the northern Dadeldhura klippe. These two shear zones are correlated to the South
Tibet detachment and merge with the Main Central thrust to the south. The leading edge
of the Himalayan crystalline core, bounded by the branch line of the Main Central thrust
and South Tibet detachment, is preserved in these two klippen. The merging of the Main
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Central thrust and South Tibet detachment requires the South Tibet detachment as a
backthrust rather than a normal fault (e.g., Price et al., 1986; Yin et al., 2010).
This study, in conjunction with the southerly exposures of the South Tibet
detachment in the eastern and western Himalaya (e.g, Grujic et al., 2002; Yin, 2006;
Webb et al., 2007), suggests that the frontal limit of the South Tibet detachment may
extend ~60-100 km southwards to the frontal portion of the range. The Main Central
thrust-South Tibet detachment branch line discovered in the Dadeldhura klippe and
Kathmandu Nappe in this study, in combination with several reported and speculated
branch line locations along the length of the orogen (Lombardo et al., 1993; Yin, 2006;
Webb et al., 2007, 2011a, 2011b; Long and McQuarrie, 2010), indicates that the leading
edge of the Himalayan crystalline core is preserved orogen-wide.
This architecture is incompatible with extrusion models such as wedge
extrusion/critical taper models and channel flow-focused denudation models. However,
tectonic wedging kinematics can well explain the emplacement of the Greater Himalayan
Crystalline complex. These findings, combined with recent work that proposed the
crystalline core was constructed via underplating (Corrie and Kohn, 2011), are
synthesized in a reconstruction showing that Himalayan mountain-building is dominated
by underplating.
5.2 Trishear: An Alternative Model For the Perdido fold-thrust Belt
Serial cross-section trishear modeling with curved faults is applied to the Perdido
fold-thrust belt. The trishear formulation is customized to the double trishear model to fit
the modeled anticlinal structure with two opposing faults. Eight parallel cross sections
normal to the length of the anticlinal structure are modeled independently but with certain
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constraints on choosing parameter values. The results show that the trishear modeling not
only successfully reproduced the fault-related folding structures in the Perdido fold-thrust
belt, but also be able to constrain the fault traces in the seismic wipe-out zones. This
effort significantly reduces the non-uniqueness of manual fault interpretation.
3D kinematic reconstruction is built by interpolating the best-fit models of all
modeled cross sections. The 3D modeled structure reveals that the fault F1 does not cut
through the horizon H2 at all, whereas the fault F2 partially breaks through the horizon
H2 in the southwestern portion of the anticlinal structure.
Finite strain is calculated along with the trishear modeling and shows that the
shortening strain is concentrated around the fault traces and in front of the fault tips. The
shortening amount by the two faults is ~1.5-2.5 km, corresponding to total shortening
amount of ~7.5-12.5 km if all fault-related folds in the Perdido fold-thrust belt are
considered by trishear models. Meanwhile, the landward extension during the period of
the formation of the Perdido fold-thrust belt is ~10 km (Peel et al., 1995), implying that
the distal (basinward) shortening in the Perdido fold-thrust belt and the proximal
(landward) extension can be well balanced.
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APPENDIX: ION MICROPROBE U-(TH)-PB ZIRCON DATA OF LEUCOGRANITES
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0.6157
0.6250

0.00006
0.00008
0.00007
0.00006
0.00006
0.00006
0.00013
0.00006
0.00007
0.00006
0.00007
0.00006
0.00006

0.0227
0.0226
0.0210
0.0211
0.0219
0.0205
0.0173
0.0212
0.0246
0.0208
0.0236
0.0197
0.0250

206

Pb*/
206
Pb*

±1 s.e.

0.0006
0.0029
0.0028
0.0005
0.0041
0.0004
0.0338
0.0006
0.0087
0.0011
0.0007
0.0046
0.0277
0.0007
0.0068
0.0006
0.0005
0.0008
0.0006
0.0006
0.0129
0.0005
0.0202
0.0245

0.0473
0.0434
0.0494
0.0477
0.0497
0.0465
0.0515
0.0472
0.0497
0.0466
0.0474
0.0314
0.0563
0.0455
0.0360
0.0471
0.0464
0.0461
0.0479
0.0477
0.0546
0.0464
0.0562
0.0564

0.0004
0.0005
0.0010
0.0005
0.0009
0.0019
0.0129
0.0007
0.0006
0.0005
0.0007
0.0008
0.0004

0.0472
0.0470
0.0483
0.0477
0.0480
0.0469
0.0380
0.0475
0.0466
0.0473
0.0478
0.0463
0.0485
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Age (Ma) ± 1 s.e.
U/Th

U (ppm)
206

Pb*/238U

207

Pb*/235U

207

Pb*/206Pb*

22, 1
22, 2
25, 1
25, 2
27, 2
30, 1
30, 2
31, 1
31, 2
34, 1
34, 2
35, 1
38, 1
38, 2

0.00279
0.00349
0.00290
0.00316
0.00323
0.00222
0.00319
0.00319
0.00316
0.00377
0.00274
0.00309
0.00299
0.00285

0.00006
0.00007
0.00006
0.00006
0.00006
0.00007
0.00006
0.00006
0.00006
0.00008
0.00007
0.00005
0.00006
0.00009

0.0185
0.0226
0.0180
0.0204
0.0207
0.0154
0.0207
0.0203
0.0204
0.0246
0.0178
0.0202
0.0193
0.0195

0.0011
0.0005
0.0011
0.0006
0.0011
0.0035
0.0006
0.0006
0.0007
0.0006
0.0006
0.0009
0.0007
0.0018

0.0479
0.0471
0.0450
0.0468
0.0466
0.0504
0.0471
0.0463
0.0468
0.0472
0.0472
0.0475
0.0469
0.0496

0.0028
0.0006
0.0025
0.0009
0.0021
0.0106
0.0011
0.0011
0.0013
0.0006
0.0011
0.0018
0.0014
0.0042

99.2
99.9
99.0
99.8
99.0
92.9
99.8
99.8
99.6
100.0
99.7
99.2
99.7
98.2

0.29
0.85
0.35
0.74
0.59
0.52
0.59
0.56
0.60
0.85
0.70
0.48
0.53
0.42

8.75
8.86
9.18
9.37
9.56
10.79
9.74
9.40
8.96
9.81
8.58
9.25
9.26
7.53

342.4
144.9
142.5
146.5
172.8
128.6
147.0
144.5
178.5
108.5
85.1
158.2
95.0
95.9

2194
17929
2821
10455
8799
2585
7514
10064
8942
35187
11612
5477
6874
7449

18.0±0.4
22.4±0.4
18.7±0.4
20.3±0.4
20.8±0.4
14.3±0.4
20.5±0.4
20.5±0.4
20.3±0.4
24.3±0.5
17.6±0.4
19.9±0.4
19.3±0.4
18.3±0.6

18.6±1.1
22.7±0.5
18.1±1.1
20.5±0.6
20.8±1.1
15.5±3.5
20.8±0.6
20.5±0.6
20.5±0.7
24.7±0.6
17.9±0.6
20.3±0.9
19.4±0.7
19.6±1.8

96.3±139.0
53.6±29.1
Negative
37.9±43.8
29.9±109.0
211.6±488.0
53.6±54.8
13.9±55.1
41.2±67.6
60.4±30.3
57.2±55.8
72.8±91.3
41.4±69.6
176.9±196.0

DH12-05-10 4
2, 1
2, 2
4, 1
4, 2
11, 1
11, 2
16, 1
16, 2
18, 1
18, 2
20, 1
20, 2
22, 1
22, 2
23, 1
23, 2
24, 1
25, 1
25, 2
26, 1
27, 1
27, 2
29, 1
29, 2
31, 1
34, 1
34, 2
40, 1
40, 2
41, 1
41, 2
42, 1
42, 2

0.00400
0.00320
0.00323
0.00461
0.00340
0.00342
0.00297
0.00303
0.00287
0.00299
0.13780
0.00297
0.00289
0.00313
0.11030
0.00339
0.00439
0.11370
0.00332
0.00371
0.04971
0.00525
0.00423
0.00300
0.00321
0.00397
0.00267
0.00297
0.00330
0.00329
0.00309
0.00337
0.00351

0.00017
0.00006
0.00006
0.00013
0.00006
0.00006
0.00005
0.00006
0.00006
0.00006
0.00267
0.00006
0.00006
0.00006
0.00258
0.00014
0.00007
0.00244
0.00006
0.00007
0.00106
0.00010
0.00012
0.00007
0.00006
0.00012
0.00005
0.00007
0.00006
0.00007
0.00006
0.00008
0.00006

0.0273
0.0215
0.0206
0.0282
0.0221
0.0224
0.0197
0.0197
0.0180
0.0196
1.3640
0.0193
0.0182
0.0204
1.0830
0.0234
0.0282
1.5150
0.0208
0.0239
0.3826
0.0361
0.0299
0.0196
0.0208
0.0315
0.0167
0.0196
0.0216
0.0213
0.0202
0.0213
0.0232

0.0012
0.0014
0.0007
0.0010
0.0005
0.0006
0.0006
0.0008
0.0007
0.0006
0.0288
0.0009
0.0010
0.0006
0.0277
0.0122
0.0008
0.0341
0.0006
0.0005
0.0116
0.0030
0.0059
0.0019
0.0005
0.0047
0.0021
0.0033
0.0005
0.0013
0.0015
0.0006
0.0005

0.0494
0.0486
0.0462
0.0444
0.0471
0.0477
0.0479
0.0473
0.0454
0.0476
0.0718
0.0471
0.0455
0.0472
0.0712
0.0500
0.0466
0.0967
0.0455
0.0468
0.0558
0.0498
0.0513
0.0474
0.0468
0.0577
0.0454
0.0479
0.0475
0.0469
0.0476
0.0460
0.0480

0.0008
0.0029
0.0012
0.0009
0.0006
0.0007
0.0010
0.0016
0.0013
0.0011
0.0006
0.0018
0.0021
0.0012
0.0005
0.0250
0.0011
0.0007
0.0013
0.0006
0.0011
0.0039
0.0095
0.0042
0.0007
0.0080
0.0055
0.0078
0.0008
0.0025
0.0033
0.0010
0.0006

100.0
92.5
99.6
99.3
99.6
99.9
99.7
98.3
99.5
99.8
99.9
99.0
98.9
99.7
100.0
74.0
98.9
99.9
99.6
99.8
99.7
93.7
93.8
96.6
99.6
97.3
97.7
89.2
99.9
98.8
98.0
99.8
99.9

0.92
0.39
0.64
0.82
0.84
0.82
0.71
0.46
0.66
0.59
0.92
0.52
0.59
0.50
0.96
0.65
0.68
0.95
0.45
0.80
0.78
0.35
0.43
0.40
0.79
0.48
0.43
0.28
0.78
0.53
0.38
0.73
0.81

9.72
9.57
9.00
9.98
9.61
9.27
9.41
9.35
9.07
8.97
9.24
8.84
8.83
9.24
8.89
8.21
10.36
8.88
9.17
9.23
9.04
9.00
10.09
8.82
9.11
9.84
9.15
8.49
9.19
9.36
9.23
8.92
9.24

26.5
106.7
104.8
97.4
145.9
155.6
259.9
238.8
312.1
175.1
3.4
254.1
184.4
120.5
41.4
59.9
49.9
11.9
25.2
103.9
5.4
27.7
107.8
114.7
135.4
74.8
574.6
219.1
107.6
103.5
75.0
94.7
102.8

10949
7940
6005
9668
16675
18024
5926
5632
3720
7863
948
4701
3918
9414
767
867
12984
1224
14139
17656
1124
9171
289
6644
14019
293
3353
3264
19142
6056
3947
9577
17147

25.7±1.1
20.6±0.4
20.8±0.4
29.6±0.8
21.9±0.4
22.0±0.4
19.1±0.3
19.5±0.4
18.5±0.4
19.3±0.4
832±15
19.1±0.4
18.6±0.4
20.1±0.4
674±15
21.8±0.9
28.2±0.5
694±14
21.4±0.4
23.9±0.4
313±7
33.8±0.6
27.2±0.8
19.3±0.4
20.7±0.4
25.5±0.7
17.2±0.3
19.1±0.5
21.2±0.4
21.2±0.4
19.9±0.4
21.7±0.5
22.6±0.4

27.3±1.2
21.6±1.4
20.7±0.7
28.2±1.0
22.1±0.5
22.5±0.6
19.8±0.6
19.8±0.8
18.1±0.7
19.7±0.6
874±12
19.4±0.8
18.3±1.0
20.5±0.6
745±14
23.4±12.2
28.2±0.8
936±14
20.9±0.6
24.0±0.5
329±9
36.0±3.0
29.9±5.8
19.7±19
20.9±0.5
31.5±4.7
16.9±2.1
19.8±3.3
21.7±0.5
21.4±1.3
20.4±1.5
21.4±0.6
23.3±0.5

166.2±38.9
127.2±140.0
8.0±64.5
Negative
53.0±29.9
82.6±34.1
96.5±50.3
64.1±81.9
Negative
78.2±54.7
981±17
56.1±89.9
Negative
59.1±58.2
963±15
196.5±1160.0
28.0±53.9
1561±14
Negative
39.6±30.9
445±42
184.4±184.0
252.8±428.0
71.0±212.0
40.1±35.4
516.6±304.0
Negative
96.2±387.0
75.9±37.8
46.2±127.0
77.0±164.0
Negative
101.2±30.2

DH12-12-10 2
3, 1
0.15530

0.00341

1.5970

0.0339

0.0746

0.0005

100.0

0.95

8.97

3.7

1815

931±19

969±13

1057±14
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3, 2
9, 1
9, 2
10, 1
10, 2
12, 1
15, 1
15, 2
17, 1
17, 2
18, 1
18, 2
21, 1
21, 2
22, 1
23, 1
23, 2
24, 1
24, 2
25, 1
25, 2
26, 1
26, 2
34, 1
34, 2
36, 1
36, 2
37, 1
37, 2
38, 1
38, 2
40, 1
40, 2

0.00426
0.00437
0.00448
0.00425
0.00530
0.08754
0.02566
0.00457
0.01352
0.00479
0.01747
0.00393
0.00457
0.00431
0.00466
0.00539
0.00513
0.00458
0.05178
0.01065
0.00422
0.06403
0.00381
0.00492
0.00359
0.00487
0.00415
0.00473
0.00461
0.01337
0.00448
0.00708
0.00584

0.00009
0.00009
0.00010
0.00008
0.00012
0.00164
0.00059
0.00009
0.00046
0.00010
0.00048
0.00009
0.00009
0.00009
0.00009
0.00011
0.00010
0.00009
0.00115
0.00027
0.00008
0.00127
0.00010
0.00010
0.00008
0.00010
0.00008
0.00009
0.00009
0.00067
0.00008
0.00037
0.00021

0.0283
0.0290
0.0264
0.0279
0.0310
0.8051
0.2384
0.0297
0.1011
0.0309
0.1415
0.0256
0.0290
0.0279
0.0291
0.0357
0.0336
0.0296
0.5531
0.0848
0.0272
0.5194
0.0224
0.0310
0.0228
0.0321
0.0263
0.0304
0.0303
0.2043
0.0290
0.0603
0.0394

0.0014
0.0011
0.0066
0.0015
0.0047
0.0217
0.0096
0.0007
0.0046
0.0007
0.0048
0.0014
0.0012
0.0012
0.0014
0.0015
0.0011
0.0009
0.0147
0.0027
0.0008
0.0111
0.0085
0.0016
0.0016
0.0008
0.0009
0.0012
0.0009
0.0126
0.0008
0.0042
0.0019

0.0481
0.0481
0.0428
0.0475
0.0425
0.0667
0.0674
0.0472
0.0542
0.0469
0.0587
0.0473
0.0461
0.0469
0.0454
0.0481
0.0475
0.0469
0.0775
0.0578
0.0467
0.0588
0.0426
0.0457
0.0461
0.0478
0.0459
0.0467
0.0477
0.1108
0.0470
0.0618
0.0490

0.0023
0.0016
0.0103
0.0022
0.0061
0.0012
0.0020
0.0008
0.0019
0.0007
0.0013
0.0024
0.0016
0.0018
0.0020
0.0019
0.0012
0.0011
0.0008
0.0013
0.0010
0.0005
0.0155
0.0022
0.0030
0.0008
0.0012
0.0017
0.0008
0.0027
0.0009
0.0027
0.0010

98.9
99.7
69.4
98.3
86.1
99.9
99.4
99.8
99.5
99.8
99.8
99.4
99.2
99.1
99.4
99.2
97.9
99.7
99.8
99.8
99.5
99.9
53.1
99.5
99.0
99.8
99.8
99.1
99.2
99.7
99.8
96.5
99.9

0.33
0.47
0.48
0.47
0.37
0.75
0.68
0.75
0.65
0.79
0.75
0.43
0.60
0.51
0.46
0.45
0.66
0.62
0.92
0.73
0.65
0.93
0.50
0.43
0.31
0.70
0.64
0.44
0.78
0.92
0.75
0.78
0.91

9.11
8.95
9.03
9.19
8.72
9.20
9.04
9.01
9.03
9.12
8.97
8.66
9.17
8.83
9.17
9.00
8.76
8.97
9.06
8.92
9.07
8.91
8.71
9.00
8.72
8.88
9.16
9.18
9.02
8.94
9.41
9.36
9.13

Spot ID: #, # = grain #, spot #.
1 s.e. = 1σ standard error.
External reproducibility of 206Pb/238U age of AS3 standard zircon 1.7% (1 standard deviation; n = 27). UO/U of standards between 8.8 and 9.2.
Common Pb correction using Southern California anthropogenic 206Pb/204Pb = 18.86, 207Pb/204Pb = 15.62, and 208Pb/204Pb = 38.34.
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105.4
99.7
78.9
130.1
112.5
13.1
13.2
79.3
17.4
168.5
47.3
192.5
104.6
176.8
113.3
162.9
145.6
226.5
6.9
21.8
129.8
20.3
162.6
88.3
131.3
195.7
113.2
101.7
111.0
61.6
103.1
55.5
76.9

1700
2972
9149
4200
11875
623
1343
8778
1854
8892
1320
3252
2360
3159
1893
1922
8207
6404
1332
4659
5170
2366
3800
1821
2589
7458
4481
2931
9420
1641
7553
1979
8714

27.4±0.6
28.1±0.6
28.8±0.7
27.4±0.5
34.1±0.8
541±10
163±4
29.4±0.5
86.6±2.9
30.8±0.6
112±3
25.3±0.6
29.4±0.6
27.7±0.6
30.0±0.6
34.7±0.7
33.0±0.6
29.4±0.6
325±7
68±2
27.2±0.5
400±8
24.5±0.7
31.6±0.7
23.1±0.5
31.3±0.7
26.7±0.5
30.4±0.6
29.6±0.6
86±4
28.8±0.5
45.5±2.4
37.5±1.4

28.3±1.4
29.0±1.1
26.5±6.6
27.9±1.5
31.0±4.6
600±12
217±8
29.7±0.7
97.8±4.2
30.9±0.7
134±4
25.7±1.4
29.0±1.2
27.9±1.2
29.2±1.4
35.7±1.5
33.5±1.1
29.6±0.9
447±10
83±3
27.2±0.8
425±7
22.5±8.4
31.0±1.6
22.9±1.5
32.1±0.8
26.3±0.9
30.4±1.2
30.3±0.8
189±11
29.1±0.8
59.5±4.0
39.3±1.9

102.7±111.0
103.1±80.9
Negative
73.5±112.0
Negative
829±37
849±63
57.0±39.0
380.9±78.0
41.5±34.2
557±48
64.1±119.0
0.9±82.3
42.0±89.5
Negative
103.6±91.2
73.7±57.9
43.1±57.7
1133±21
520±48
34.9±53.0
561±17
Negative
Negative
5.2±155.0
91.1±42.0
Negative
33.4±86.1
82.7±42.1
1813±45
47.4±46.3
667.0±92.0
147.6±50.0
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